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It has been conjectured that basic individual differences in attentional control influence
higher-level executive functioning and subsequent academic performance in children.
The current study sets out to complement the limited body of research on early
precursors of executive functions (EFs). It provides both a cross-sectional, as well as
a longitudinal exploration of the relationship between EF and more basic attentional
control mechanisms, assessed via children’s performance on memory storage tasks,
and influenced by individual differences in anxiety. Multiple measures of verbal and
visuospatial short-term memory (STM) were administered to children between 3 and 6
years old, alongside a non-verbal measure of intelligence, and a parental report of anxiety
symptoms. After 9 months, children were re-tested on the same STM measures, at
which time we also administered multiple measures of executive functioning: verbal and
visuospatial working memory (WM), inhibition, and shifting. A cross-sectional view of STM
development indicated that between 3 and 6 years the trajectory of visuospatial STM and
EF underwent a gradual linear improvement. However, between 5 and 6 years progress
in verbal STM performance stagnated. Hierarchical regression models revealed that trait
anxiety was negatively associated with WM and shifting, while non-verbal intelligence
was positively related to WM span. When age, gender, non-verbal intelligence, and
anxiety were controlled for, STM (measured at the first assessment) was a very good
predictor of overall executive performance. Themodels were most successful in predicting
WM, followed by shifting, yet poorly predicted inhibition measures. Further longitudinal
research is needed to directly address the contribution of attentional control mechanisms
to emerging executive functioning and to the development of problematic behavior during
early development.
Keywords: executive functions, working memory, short term memory span, anxiety, inhibition, shifting, young
children
INTRODUCTION
During the past decades, the importance of investigating the early
development of executive functions (EFs) has been reinforced by
a growing body of evidence linking preschool EFs measures to
emerging academic success (see Willoughby et al., 2012a, for a
recent review), to social competence during early school years
(Ciairano et al., 2007; Razza and Blair, 2009), and also to inter-
nalizing and externalizing symptoms (Thorell and Wåhlstedt,
2006; Brocki et al., 2010; Hughes and Ensor, 2011). This endeavor
was previously constrained by the limited methodological reper-
toire allowing researchers to track EF progress across successive
developmental periods. Recently, the gap has been addressed by
developing a wide range of child-friendly tasks for measuring
EF during early development (see Carlson, 2005; Garon et al.,
2008 for reviews), with evidence of relatively reliable psychome-
tric properties for this age span (Miller et al., 2012; Willoughby
et al., 2012a).
However, the early developmental course and changing struc-
ture of executive functioning is not yet fully captured by the lim-
ited body of prospective longitudinal data (but see Hughes et al.,
2010; Röthlisberger et al., 2012; and Willoughby et al., 2012b,
for notable exceptions), most of the research in the field being
still cross-sectional. Also, the fundamental prerequisites from the
first years of life have not yet been convincingly linked to the
intricate nature of later EF, which has been regarded as the most
complex form of high-level human cognition (Salthouse, 2005).
Moreover, executive control is also determined by, and influ-
ential for, emotion-cognition interactions (Pessoa, 2008), which
generate stable predispositions in information processing mecha-
nisms (e.g., Pine, 2007), regarded as early cognitive vulnerability
markers for a variety of psychopathologies such as internalizing
disorders (Ingram and Price, 2010). Further longitudinal studies
complementing the limited existing literature (e.g., Riggs et al.,
2004; Hughes and Ensor, 2011; Tillman et al., 2013) are necessary
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in order to construct true developmental models of how early EF
and socio-emotional processes interact to generate problematic
behavior and cognitive vulnerabilities to psychopathology.
EARLY EF DEVELOPMENT AND ITS PRECURSORS
With regards to the early developmental trajectory of executive
control, initial models argued for the predominant role of one EF,
such as inhibitory control (Diamond and Gilbert, 1989; Dempster,
1992; Barkley, 1997; Carlson et al., 1998) or working memory
(WM; Pascual-Leone, 1970; Case, 1985; Morton and Munakata,
2002). A step forward consisted in considering both inhibi-
tion and WM as central to EF development (Diamond, 1991;
Roberts and Pennington, 1996). The seminal model proposed by
Miyake and collaborators (2000) identified three “independent,
yet interdependent” EF dimensions: updating of WM represen-
tations, inhibition, and shifting. This model was later refined
and the identity of inhibition as a distinct factor was questioned.
Inhibition subsequently came to be related to common variance
in EF tasks (e.g., Friedman et al., 2008; Miyake and Friedman,
2012). The third dimension, shifting was defined as the ability to
flexibly shift among distinct but related aspects of a given stim-
ulus or task set (Zelazo and Müller, 2002). The tripartite model
of EF has been partially confirmed by latent variables analyses
conducted in older children samples (Lehto et al., 2003; Huizinga
et al., 2006; but see Lee et al., 2012; Van der Ven et al., 2012, for
failures to replicate this structure). However, similar studies with
preschool children have pointed toward a more unitary structure
of EF (Wiebe et al., 2008, 2011; Hughes et al., 2010; Willoughby
et al., 2010), although a two-dimensional structure, integrating
WM and inhibition as separate yet related factors, was also found
(Lerner, 2012; Miller et al., 2012).
Our study was designed to investigate the early developmental
interrelations between individual differences in attentional con-
trol, memory storage, anxiety symptoms, and subsequent exec-
utive functioning (WM, inhibition, shifting) during preschool
years. Therefore, we will now review the available evidence on
the precursors and subcomponents of these three EF dimensions.
The few existing longitudinal studies have generally overlooked
how preschool EFs are linked to more basic precursors, such
as attentional or memory processes. However, in the literature,
there have been some theoretical conjectures regarding these
elementary forms of EF. One of the most well-articulated frame-
works has been proposed by Garon and collaborators (2008). The
authors argue that EF components are built upon simpler cog-
nitive skills and represent the coordination of these basic skills,
essentially occurring after the age of three. As a potential candi-
date, they suggested that the “maturation of attentional capacity
forms a foundation for the development of EF abilities during
the preschool period, and, in fact, may be the source of common
variance underlying various EF skills” (p. 35). Simple span tasks
have been proven to rely on individuals’ ability to consistently
focus and control their attention in order to maintain or suppress
information (Engle, 2002) and therefore, might represent an ideal
context in which to assess early attentional precursors of EF.
WM processes relate to the updating and active use of tem-
porarily available information. Complementary to this definition,
short-term memory (STM) represents the temporarily increased
availability of information in memory that may be used to
carry out various types of mental tasks (Cowan et al., 1999).
The model proposed by Baddeley and Hitch (1974; see also
Baddeley, 2000) represents the preferred theoretical framework
in which WM development is studied. Various simple memory
span tasks have been used to measure the two STM storage
systems: the phonological loop, and the visuospatial sketchpad.
These “slave” systems feed their input into the central execu-
tive, a system involved in supervising and adjusting the control
of memory contents. Almost all STM measures present a steady
increase from the preschool years until adolescence (Gathercole
et al., 2004; Alloway et al., 2006). Complex memory span tasks
involve both maintenance and manipulation of information, and
are considered measures of WM capacity. The memory com-
ponents corresponding to the central executive, the phonolog-
ical loop, and the visuospatial sketchpad appear to resemble
the adult tripartite distinction, and to be evident in children
as young as four (Alloway et al., 2006). However, it is impor-
tant to mention that there are strong competing models (Engle
et al., 1999; Cowan, 2001; Barrouillet et al., 2004), most of them
focusing on the importance of attentional control mechanisms
involved in both information storage and processing. Further
research on longitudinal interrelations between early aspects of
attentional control, memory storage and processing could ben-
efit the integration of the multiple theoretical accounts of WM
development.
Two different perspectives could be proposed regarding the
involvement of STM processes in WM development and in rela-
tion to EF tasks, in general. One of them considers that the active
manipulation of information is essential to WM/EF processes
(Miyake et al., 2000). Hence, tasks requiring only memory span
and which lack this dimension would share only non-executive
variance with WM/EF tasks (Lerner, 2012). Another perspective
suggests that both simple span and WM tasks share common
attentional control demands, and thus their covariance would rely
on both executive and non-executive processes. More specifically,
WM processes reflect the functioning of the central attention sys-
tem and its role in the coordination of the systems involved in
storage (Garon et al., 2008). The authors argue for the need to
conduct longitudinal studies using both complex and simple span
tasks in order to “draw conclusions about whether complex WM
tasks build upon simpler memory abilities and skills” (p. 40).
Beyond its importance for WM development, STM performance
could also be predictive for performance in other EF tasks, such
as inhibitory control. When analyzing the early development of
inhibitory control, the focus is mainly on executive inhibitory
processes, defined as processes for intentional control or response
suppression in the service of higher order or longer-term goals
(Nigg, 2000). Friedman and Miyake (2004) empirically differen-
tiated simple response suppression, which refers to simply with-
holding a pre-potent response, from attentional control/response
conflict, which encloses the inhibition of an internally represented
rule/response set interfering with the ability to engage and imple-
ment a new rule/response. This distinction was confirmed in a
study with preschoolers (Espy and Bull, 2005) showing that their
performance on response conflict, but not on response suppres-
sion measures, was related to their simple spans, probably due to
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a common reliance on attention control mechanisms. Therefore,
the current study set out to investigate the contribution of sim-
ple span (verbal or visuospatial) to WM, inhibition (response
suppression and verbal and motor response conflict), and shift-
ing in a preschool sample. However, it is important to note that
Lerner (2012) failed to find evidence for the proposed dissociation
between response suppression and attention control/response
conflict in children. A similar less clear-cut distinction between
the two inhibitory control dimensions was recently evidenced in
a cross-cultural study with preschoolers (Cheie et al., 2014). As an
alternative account, Diamond and Kirkham (2005) hypothesized
that a common mechanism, called attentional inertia (a focus
on the same, previously-relevant aspect of one stimulus, even
when contextual demands are changing), would be responsible
for children’s inappropriate responses across various inhibitory
and shifting tasks.
Althoughmany tasks have been developed for measuring shift-
ing in older children (e.g., Anderson et al., 2000; Jacques and
Zelazo, 2001), it is much more difficult to identify compara-
ble tasks for use in the preschool population (Lerner, 2012). In
this population, the Dimensional Change Card Sort task (DCCS;
Zelazo et al., 2003) has been extensively used to evaluate atten-
tion shifting. During task unfolding, children are presented with
two target cards (e.g., a blue rabbit and a red boat) and subse-
quently requested to sort a series of bivalent test cards according
to one dimension (e.g., color; the pre-switch phase). After becom-
ing habituated with this dimension, children are asked to sort
the same types of test cards according to another dimension
(e.g., shape; the post-switch phase). Perseveration on an initial
response set shows both the low memory strength of the new
mental set (Munakata, 2001), and the reduced ability to inhibit
interference from the initial mental set (Diamond et al., 2005).
A shifting task either simply involves the coordination of these
subordinated skills (Chevalier et al., 2012), or it represents a dis-
tinct process acting upon these skills and creating a modification
in the original representation of the stimuli (Garon et al., 2008).
A modified version of the DCCS was created, using emotional
stimuli (facial expressions); the two sorting criteria were emo-
tional expression (happy vs. sad) and gender (Qu and Zelazo,
2007). Children performed significantly better on the emotional
faces version (with facilitative effects only in the case of happy
faces), suggesting that positive stimuli might promote cognitive
flexibility. Since one of our research questions was related to the
impact of individual differences in anxiety on EF performance,
we constructed an emotional DCCS version (Em-DCCS) sim-
ilar to this emotional faces version. For this version, we used
schematic depictions of facial emotional expressions (sad or
happy faces) similar to the ones used by Hadwin and collabo-
rators (2003) in their investigation of anxiety-related biases in
visual search. The choice of schematic faces over real emotional
expressions was also done in order to eliminate potential cul-
tural effects related to the recognition of facial affect (Posner
et al., 1994). The task requires children to switch in the post-
shift phase from a neutral judgment (color) to a judgment of
emotion (happy or sad faces). Our investigation extends the indi-
vidual differences direction proposed by Qu and Zelazo (2007)
by attempting to replicate the facilitative effect of positive faces
on shifting performance, and by relating it to individual differ-
ences in trait anxiety. This has been associated with biases in
the processing of stimuli with positive versus negative emotional
valence in both adults (Chen et al., 2012) and young children
(Visu-Petra et al., 2010).
THE ROLE OF INDIVIDUAL DIFFERENCES IN ANXIETY
From an early age, individual differences in anxiety have been
shown not only to influence information processing patterns in
contexts in which stimuli with emotional valence are present
(Pine, 2007; Hadwin and Field, 2010), but also in contexts which
lack such emotional information, especially tasks with higher
levels of executive demands (see Visu-Petra et al., 2013a, for a
review). The explanation of the relationship between individ-
ual differences in anxiety and impaired EF has been via the
detrimental effects of anxiety on attentional control. This is
reflected in the most influential explanatory framework regard-
ing the anxiety—cognitive functioning relationship offered by
the Attentional Control Theory (ACT; Eysenck et al., 2007). The
theory predicts that in high-anxious individuals, anxiety-related
worrisome thoughts interfere with their task-goals, requiring the
activation of auxiliary processes and strategies. Accordingly, this
concurrent resource activation is mostly evident in decreased
performance efficiency, as more time and effort are required to
complete a task, or to attain a given performance level. Yet,
it can also be observed in terms of performance effectiveness
(response accuracy), especially when the task is more challeng-
ing. A compelling body of evidence supports these predictions
(see Eysenck and Derakshan, 2011, for a review), confirming that
the anxiety-related depletion of resources impedes attention con-
trol, diminishing high-anxious individuals’ EF (i.e., inhibition,
shifting, and updating) performance.
Regarding the impact of anxiety upon preschoolers’ STM, pre-
dictions are ambivalent. Preliminary evidence shows that, in line
with related findings in older children (Hadwin et al., 2005),
young children’s simple span efficiency and, under certain cir-
cumstances, their accuracy, are affected by high trait anxiety levels
(Visu-Petra et al., 2009, 2011). Trait anxiety was a longitudinal
negative predictor of 3–6 year-old children’s verbal STM perfor-
mance accuracy, as well as efficiency of response, as indicated
by a microanalysis of their response time segments (Visu-Petra
et al., 2009). Another study revealed that while performance in the
visuospatial span tasks did not differ between high-anxious and
low-anxious preschoolers, high-anxious 3–7 year-olds displayed
an inferior performance on the verbal simple and complex span
measures (Visu-Petra et al., 2011). The findings also indicated
that on simple span tasks, high-anxious preschoolers displayed
efficiency impairments only, while both efficiency and accuracy
of response were affected in the verbal WM tasks.
Although the developmental literature directly investigating
the effects of anxiety upon EF is scarce (see Visu-Petra et al.,
2013b for a review), the existent findings partially support
the ACT predictions regarding anxiety’s detrimental influence.
Specifically, child anxiety has been found to disrupt inhibition
efficiency (see Mueller, 2011, for a review), with a cross-cultural
study in preschoolers identifying a greater impact of anxiety
on performance efficiency in tasks requiring response conflict,
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compared to simple response suppression (Cheie et al., 2014).
In a context requesting switching between neutral and emo-
tional judgments, higher levels of trait anxiety were found to
impair children’s performance (Mocan et al., 2014). Several stud-
ies have also identified the negative impact of anxiety upon
memory updating in younger and older children (e.g., Hadwin
et al., 2005; Ng and Lee, 2010; Visu-Petra et al., 2011; Owens
et al., 2012). Interestingly, the bidirectional nature of the link
between anxiety and EF was recently documented via a longi-
tudinal study that relates EF progress during the transition to
school to subsequent teacher ratings of internalizing and exter-
nalizing behaviors (Hughes and Ensor, 2011). Additional research
is needed to explore how early manifestations of trait anxiety
impair attentional control and thus affect executive function-
ing across neutral or emotionally-salient contexts, and how, in
turn, reduced cognitive control further amplifies the information
processing patterns specific to anxious cognition and behavior
(e.g., Pine, 2007).
CURRENT STUDY
EF dimensions have been shown to undergo intensive develop-
ments between the ages of 3 and 6, and their progress during
this sensitive developmental window predicted a wide range of
cognitive, emotional, and educational outcomes. However, the
dependency of these distal outcomes on more basic attentional
/memory prerequisites across the preschool years has been theo-
retically postulated (e.g., Garon et al., 2008), yet not empirically
documented. Also, reciprocal links between individual differences
in anxiety and various EF dimensions during the preschool years
and the transition to school have been identified. However, their
interplay has not been systematically investigated. Consequently,
the current study was designed to address these two key research
questions regarding the developmental EF precursors and early
links to individual differences in anxiety, both viewed through the
lenses of their early reliance on attentional control mechanisms.
Several secondary questions were addressed along the way.
A first aimwas to investigate whether EF outcomes (WM, inhi-
bition, shifting) measured during late preschool years could be
predicted by children’s earlier (9 months) assessed STM spans.
We expected greater coherence between measures of verbal and
visuospatial WM and their respective STM predictors (Alloway
et al., 2006). We also attempted to confirm findings by Espy
and Bull (2005), who related measures of response conflict, but
not of response suppression, to children’s memory spans. To our
knowledge, this is the first time that children’s performance on
a shifting task was related to previous and concurrent levels of
STM functioning. A secondary aim was related to the devel-
opment of STM itself during the preschool years, across the
verbal and visuospatial domains. This complements the limited
body of longitudinal data documenting intensive progress in chil-
dren’s memory span during this interval (e.g., Gathercole et al.,
1992; Schneider et al., 2004; Visu-Petra et al., 2009). The cross-
sectional progress for all our measures was followed in order to
check for performance improvements in children between 3 and
6 years old.
The second aim concerned the role of individual differences
in children’s EF performances. In this respect, anxiety-related
worrisome thoughts are presumed to generate a cognitive
interference, mostly visible in tasks high on executive-demands
and/or manipulating verbal information (Eysenck et al., 2007).
Hence, we hypothesized that higher levels of anxiety would be
related to performance deficits on executive-demanding tasks
(especially on verbalWM, response conflict, and set-shiftingmea-
sures), and to a lesser degree on tasks involving lower executive
demands (STM and response suppression). We investigated the
role of such individual differences in anxiety while controlling for
other individual differences variables such as non-verbal intelli-
gence, age, or gender. Most of our tasks, with the exception of the
Em-DCCS, did not require children to process emotional infor-
mation. Previous studies conducted in the ACT (Eysenck et al.,
2007) framework indicate that even in such neutral contexts,
especially in high executive-demanding ones, anxiety-related per-
formance deficits can be evident. To our knowledge, this is the
first study to systematically link early individual differences in
anxiety symptoms to subsequent EF performance.
MATERIALS AND METHODS
PARTICIPANTS AND PROCEDURE
The initial sample consisted of 76 preschoolers recruited from
three public kindergartens in the northwest of Romania.
However, 8 children could not be followed-up at the second
time point (T2), hence data from a total of 68 preschool chil-
dren (41 boys), aged between 3 years and 2 months and 6 years
and 8 months (M = 4 years and 8 months, SD = 10.5 months)
at the first assessment (T1), are presented in the current study.
Parents who approved their children’s participation were also
asked to complete a form requiring demographic information,
with exclusion criteria such as neurological or psychological dis-
orders. Aside from parental written consent, the child’s verbal
assent was also obtained prior to testing. All participants were
monolingual Romanian-speaking children, living in urban areas.
Children of parents who gave their written consent were tested
individually in a quiet room located at their kindergartens. At
T1, all preschoolers were tested in a single session with mea-
sures of non-verbal intelligence (Colored Progressive Matrices
test), verbal STM (Digit Span and Word Span) and visuospa-
tial STM (Corsi blocks test). Nine months later (at T2), tasks
were administered in three separate sessions in order to avoid
preschoolers’ fatigue and boredom. Hence, in the first session at
T2, children were evaluated with the same STM tests adminis-
tered at T1, with an additional Articulation Rate task, which is not
described in this study. Verbal WM (Counting, Backwards Digit,
and Listening span) and visuospatial WM tasks (Mr. X, Odd-one-
out) were administered in the second session. Finally, inhibition
and set-shifting performance were evaluated during a third ses-
sion (Statue, Knock and Tap, Day/Night Stroop, Em-DCCS), in
order to minimize fatigue effects.
MEASURES
Individual differences in intelligence and anxiety
Non-verbal intelligencewas assessed using theColored Progressive
Matrices test (Raven et al., 1998) designed to be suitable for
young children. This test consists in 36 individual patterns, for
each of which children have to correctly identify the missing
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segment (out of 6 possible segments). The total number of cor-
rect responses provides a non-verbal intelligencemeasure for each
child.
Trait anxiety was evaluated via parental report on the Spence
Preschool Anxiety Scale (Spence et al., 2001; the Romanian ver-
sion Benga et al., 2010). The scale consists of 28 anxiety items,
5 non-scored posttraumatic stress disorder items, and another
open-ended (non-scored) item. Each parent rated the concor-
dance between the child’s behavior and the one described in each
item on a 5 point scale. Parents’ ratings of the children’s anxiety
symptoms generated a total score which provided an overall mea-
sure of each child’s trait anxiety. The trait anxiety measure was
administered at T1 only.
Short term memory
During the Digit Span task (Forward subtest, WISC-III;
Wechsler, 1991), children were instructed to repeat each digit
sequence spoken by the experimenter in the correct order. The
test consists of 9 blocks of 3 trials each. Trials of 2 digits each are
included in the first block, after which STM span requirements
gradually increase to trials of 9 digits each in the last block. If
children correctly recall two trials in a block, the experimenter
increases span requirements by moving on to the next block. If
the child fails two trials in a block, testing is discontinued.
For theWord Span task, a list of 9 common two-syllable words
was chosen to provide a test of word repetition directly compara-
ble to the other spanmeasures. Two-syllable words were chosen in
order to avoid possible word length effects, and to provide a mea-
sure more directly comparable to the word length of items from
digit span (in Romanian, five out of nine digits have two sylla-
bles). Besides stimulus type (words), the task was identical to the
Digit Span task in all respects.
Visuospatial STM was evaluated using the Corsi blocks test
(Corsi, 1972). For this test, we used the display provided by
the WAIS-R Neuropsychological Inventory (Kaplan et al., 1991).
Children were presented with 10 blue cubes randomly located on
a board. During task unfolding, the examiner taps a sequence of
cubes, and the child is required to reproduce the sequence, by tap-
ping the cubes in the correct order. Besides stimulus type (cube
locations), the task was identical to the Digit and Word Span.
STM scoring. Aggregate scores for STM spans were computed
following the procedure described by Cowan and collaborators
(2003). First, the base span, the highest list length at which the
responses for all sequences were correct, was extracted, and a
score of 0.33 was added for every correct sequence above this base
span. Additionally, a general index of verbal STM was computed
by averaging the Word and Digit aggregate spans.
Working memory
WM was evaluated using tasks from the Automated Working
Memory Assessment battery (AWMA; Alloway, 2007), a widely-
used measure for WM assessment in 4- to 11-year-old children.
Three measures were administered in order to assess verbal WM
(Counting Recall, Backwards digit recall, Listening recall), while
two other (Odd-one-out and Mr. X) were employed to evalu-
ate visuospatial WM. In all these tasks, a particular list length
contains 6 trials—if the child correctly performs 3 trials from a
list length, the program automatically skips to the next list length.
If less than 3 trials from a list length are correctly recalled, testing
stops for that task.
In the Counting Recall test, children are presented with a
visual array of red circles and blue triangles. They are asked to
count the number of circles in each array, and to memorize the
totals. At the end of each trial, children are required to recall the
number of circles included in each array, in the correct order. The
test consists of 7 blocks of 6 trials each, beginning with trials of
one array in the first block, increasing to trials of 7 arrays in the
last block.
The Backwards Digit Recall test is identical to the Digit Span
task, except children are required to recall a gradually increasing
sequence of spoken digits in the reversed order. The sequences
increase by one digit from one block to another, with a maxi-
mum of 7 digits for trials corresponding to the last block. The
Listening Recall task consists in a series of short sentences (e.g.,
“The grass is blue” and “Sugar is sweet”) for which children are
asked to judge the veracity by giving a “yes” or “no” response to
the experimenter. After judging the veracity of each sentence in a
trial, children are required to recall the final word of each sentence
within the given trial (e.g., “blue” and “sweet”). The test consists
of 6 blocks of 6 trials each, with the number of sentences within
each trial gradually increasing from two to six.
In theOdd-one-out task (adapted by the AWMA authors from
Russell et al., 1996) children are presented with three shapes, each
in a box, displayed in a row. They are then asked to point the odd
shape out of each row. After this, the shapes disappear and the
child is presented with three empty boxes, being asked to point
to where the odd shape was. From the initial level presenting only
one row of shapes, difficulty increases up to 7 rows, children being
asked to recall the location of the odd shape from each row, in
the order they had been shown in each trial. In the Mr. X task,
two fictitious cartoon figures, presented as “Mr. X with the blue
hat” and “Mr. X with the yellow hat,” are displayed in each item.
Children are first asked to identify whetherMr. Xwith the blue hat
is holding a ball in the same hand as Mr. X with the yellow hat.
With span requirements increasing, more Mr. Xs appear on each
block and the child is asked to recall the location of each ball by
pointing to a picture with eight compass points. The task consists
of 7 blocks of 6 trials each, location span gradually increasing by
one with each block.
WM scoring. Aggregate WM spans were computed in the same
manner as aggregate STM spans, except that this time a 0.17 score
was added to the base span, as one level consisted of 6 trials. Verbal
WM and visuospatial WM composite scores were calculated by
averaging the scores on corresponding verbal and visuospatial
tasks.
Inhibition
In order to assess Inhibition, we used a task requiring simple
response suppression, as well as two tasks generating response
conflict.
The Statue task from the NEPSY-I battery (Korkman et al.,
1998) evaluates response suppression, requiring motor persistence
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when several distracters are introduced. Children are required to
stand in a “statue” position, refraining from vocalizations and
body movements for 75-s. During this interval, pre-set distracters
are introduced (the examiner coughing, dropping a pen etc.). A
2 points score is attributed for inhibiting any response over each
5-s interval, and a 1 point score for displaying one inappropriate
response. Themaximum score to be earned by not doing anything
throughout this interval is 30.
Knock and Tap is a classical non-verbal Go/No-Go task
included in the NEPSY-I battery (Korkman et al., 1998), evalu-
atingmotor response conflict between immediate motor responses
triggered by visual stimuli and the action that is specified in pre-
vious verbal directions (Klenberg et al., 2001). In the first part of
the test (Part A), children are asked to knock on the table when the
examiner taps and vice-versa during 15 trials. In the second part
of the task (Part B), children are required to shift to a new set of
response. Specifically, they are taught to tap with the side of their
first when the examiner knocks and vice-versa, but also to inhibit
any motor response when the examiner taps. Part B also consists
of 15 trials, and the total number of correct responses (out of 30)
determines the accuracy score.
The version of Day/Night Stroop that we used is an uninter-
rupted measure of verbal response conflict, in which children are
presented with a matrix displaying 16 pictures of the sun and
moon, respectively. Participants were asked to name the pictures
from left to right on each of the four rows, but to inhibit their pre-
potent responses and say “night” when pointing to the sun, and
“day” when pointing to the picture depicting the moon. Thus,
we transformed the standard version of the task (Gerstadt et al.,
1994) into a more self-paced, speeded task. The maximum accu-
racy score was 16, and the experimenter timed children’s total
response in order to obtain an efficiencymeasure. Accuracy scores
may be sufficient for measuring young children’s inhibition (e.g.,
Diamond and Kirkham, 2001), yet in school age children and
adults, measures of response time proved to be more sensitive
measures, especially when accuracy performance points toward
ceiling effects (e.g., MacLeod, 1991; Wright et al., 2003). This
later approach was also successfully used with children as young
as 3½ years (Simpson and Riggs, 2005). Hence, both latency
and accuracy of response were taken into account to generate an
inverse-efficiency score (Kennett et al., 2001), calculated as total
response time divided by the proportion of correct responses for
each participant. Lower values on this measure indicate better
inhibitory performance.
Shifting
Finally, shifting performance was estimated using the Emotional-
Dimensional Change Card Sort (Em-DCCS). The classic DCCS
task provides a measure of cognitive flexibility in children as
young as 3 (Zelazo, 2006). In the emotional version of the task,
the target cards consisted of a happy red face and a sad blue face,
and their placing (left or right) was counterbalanced across the
sample. The version used in this study was modified by using
schematic emotional faces, as they were successfully used in pre-
vious research regarding anxiety-related bias effects in children
(e.g., Hadwin et al., 2003). The schematic faces are presented in
Figure 1.
FIGURE 1 | Target cards for the EM-DCCS task.
Participants were initially requested to sort the six pre-switch
test cards by the color criterion. After the six pre-switch trials,
the experimenter said: “Now we are going to play another game.
We are not going to play the color game anymore. We are going to
play the faces game.” Only performance on the post-switch tri-
als was analyzed, after data from one child who scored poorly
(less than 5 out of 6) in the pre-switch phase were excluded.
Due to the non-normal distribution of scores on the post-switch
phase and the overall high levels of performance, performance
was dichotomized using a more stringent criterion than for the
pre-switch phase. Thus, two groups were created, children who
could perfectly switch to the emotional judgment on all trials of
the post-switch phase (n = 34) and children with less than perfect
performance (n = 33).
RESULTS
Analytic approach. In order to determine whether performance
on STM tasks was associated with children’s EF performance 9
months later, beyond other first assessment measures, separate
hierarchical regressions were carried out for each EF outcome
(verbal and visuospatial WM, response suppression, verbal and
motor response conflict, and attention shifting). The association
between individual differences in non-verbal intelligence and trait
anxiety was tested in the same manner, after first controlling for
the age and gender of the participants. We further tested whether
concurrent levels of STM were useful in the prediction of EF out-
comes beyond the first assessment STM, age, gender, non-verbal
intelligence, and anxiety.
PRELIMINARY ANALYSES
During the univariate and bivariate graphical examination of
data, three outlying observations were identified and discarded
as they were situated more than 3 SDs below/above the sam-
ple means (two on the Day/Night Stroop matrix and one on the
Knock and Tap task). One child with poor performance on the
pre-switch phase (2/6) of the DCCS task was excluded from the
shifting analysis. Univariate descriptives on all measures are listed
in Table 1, and Figure 2 presents associations between measures
of interest. The correlation matrix for all recorded measures is
presented in the Supplementary Materials.
Associations between measures at T1
Older children presented higher non-verbal intelligence (Raven)
scores, r(66) = 0.36, p = 0.01, as well as superior verbal STM,
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Table 1 | Univariate descriptives for the raw and composite scores.
Type of measure Tasks N Mean SD Median Min Max Skew Kurt.
TIME 1
Age (in months) – 68 56.00 10.54 56.0 38.00 80.00 0.12 −0.90
Nonvb. intelligence Raven 68 16.00 4.05 15.50 8.00 27.00 0.59 0.09
Trait anxiety Spence 68 28.50 14.36 25.0 6.00 68.00 0.55 −0.42
Verbal STM Word span 66 3.60 0.74 3.70 2.00 5.30 0.02 −0.17
Digit span 66 4.00 0.84 4.00 2.00 6.30 0.31 0.53
Visuospatial STM Corsi blocks 68 2.80 0.66 2.70 1.66 5.00 0.81 0.92
TIME 2
Verbal STM Word span 68 4.00 0.63 4.00 2.33 5.30 −0.21 −0.28
Digit span 68 4.20 0.83 4.00 2.33 6.30 0.35 −0.32
Visuospatial STM Corsi blocks 68 2.90 0.70 2.70 1.33 5.00 0.47 0.17
Verbal WM Counting span 63 1.62 0.58 1.50 1.00 3.00 0.54 −0.75
Backward span 63 1.11 0.59 1.00 0.17 2.70 0.19 −0.25
Listening span 61 1.23 0.67 1.33 0.33 2.30 −0.44 −1.44
Visuospatial WM Mr. X 63 0.84 0.53 0.84 0.17 1.70 0.27 −1.32
Odd-one-out 63 1.61 0.51 1.50 0.67 2.70 0.15 −0.77
Response suppression Statue 68 25.65 4.80 27.00 10.00 30.00 −1.77 2.58
Response conflict Stroop matrix accuracy 68 13.94 2.97 15.00 2.00 16.00 −1.86 3.77
Stroop matrix IE 66 1.61 0.77 1.40 0.69 4.20 1.44 2.01
Knock and Tap 67 27.21 2.78 28.00 18.00 30.00 −1.31 1.46
Shifting Post-switch DCCS 67 4.24 1.94 6 1 6 −0.33 −1.70
Composite measures Vb. WM 61 1.32 0.52 1.39 0.50 2.28 0.08 −1.02
Vs. WM 63 1.23 0.46 1.17 0.42 2.17 0.30 −0.88
Inverse efficiency (IE) was calculated as response time divided by accuracy. Kurt., Kurtosis.
r(64) = 0.30, p = 0.02, and visuospatial STM spans, r(64) = 0.49,
p < 0.001. Non-verbal intelligence was significantly associated
with visuospatial STM, r(64) = 0.33, p < 0.001, but not with ver-
bal STM, r(64) = 0.05, p < 0.71. On the other hand, trait anxiety
(Spence Preschool Anxiety Scale) negatively correlated with ver-
bal STM span, r(64) = −0.28, p = 0.02, yet was not associated
with visuospatial STM, r(64) = −0.02, p = 0.89. The results also
revealed a significant association between verbal and visuospa-
tial STM composite scales, r(64) = 0.31, p = 0.01. There were
no gender-related differences regarding non-verbal intelligence,
anxiety, and STM.
Associations between measures at T2
At T2, there was a again a significant association between ver-
bal and visuospatial STM spans, r(66) = 0.26, p = 0.03. There
was also a positive correlation between verbal and visuospa-
tial WM, r(61) = 0.51, p < 0.001. A test for the equality of
correlations (using the Fisher z transformation) revealed that the
correlation between the verbal and visuospatial scales was sig-
nificantly stronger for WM than for STM, z = 1.67, p = 0.05,
1-tailed. As expected, verbal STM at T2 correlated positively with
verbal WM, r(61) = 0.62, p < 0.001, while visuospatial STM at
T2 was positively associated with visuospatial WM, r(61) = 0.53,
p < 0.001.
The pattern of results regards correlations between WM com-
posite spans and inhibition measures was mixed. Verbal WM
correlated positively with motor response conflict (Knock and
Tap), r(60) = 0.41, p = 0.01, and negatively with the (response
time based) measure of verbal response conflict (Day/Night
Stroop), r(59) = −0.42, p < 0.001, but did not correlate with
response suppression (Statue), r(61) = 0.18, p = 0.17. Similarly,
verbal STM (at T2) correlated positively with motor response
conflict (Knock and Tap), r(65) = 0.38, p = 0.01, and negatively
with verbal response conflict (Day/Night Stroop), r(64) = −0.28,
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FIGURE 2 | Pearson bivariate correlation matrix for the measures of interest. Color saturation represents the correlation strength according to the scale
below the figure. Vb., verbal; Vs., visuospatial; STM, short-term memory; WM, working memory; RC, Response conflict.
p = 0.02, but did not correlate with response suppression
(Statue), r(66) = 0.18, p = 0.14. The only inhibition measure
associated with visuospatial WM was verbal response conflict
(Day/Night Stroop), r(59) = −0.29, p = 0.02. Visuospatial STM
(at T2) correlated significantly with both verbal response conflict
(Day/Night Stroop), r(64) = −0.46, p = 0.01, and response sup-
pression (Statue), r(66) = 0.38, p = 0.01. The correlation between
motor (Knock and Tap) and verbal (Day/Night Stroop) response
conflict was non-significant, r(64) = −0.22, p = 0.07. However,
response suppression (Statue) correlated with bothmotor, r(65) =
0.32, p = 0.01, and verbal response conflict, r(64) = −0.45,
p < 0.001.
Longitudinal associations
The associations between STM spans at the two time points
were substantial, particularly for verbal tasks, r(64) = 0.87, p <
0.001. The gains in STM (calculated as the difference between
T2 and T1 spans) correlated significantly and negatively with the
corresponding STM spans at T1, r(64) = −0.48, p < 0.001, for
verbal STM, and r(66) = −0.37, p = 0.01, for visuospatial STM.
A paired t-test revealed that gains in verbal STM were highly
significant, as the difference between the two time points was,
on average 0.26 (95% CI from 0.17 to 0.35). The visuospatial
STM gains were also significant, with a mean difference of 0.14
(95% CI from 0.01 to 0.29), but the estimate of the mean dif-
ference lacked precision due to the large variance in gains (SD =
0.59). The results revealed no significant links between the STM
gains and anxiety, or non-verbal intelligence. STM spans at T1
correlated moderately with the corresponding WM spans, r(59) =
0.59, p < 0.001, for verbal measures, and r(61) = 0.50, p < 0.001,
for visuospatial measures.
With regards to associations with the individual differences
measured at T1, results revealed that non-verbal intelligence
was positively associated to verbal WM scores, r(61) = 0.42, p <
0.001, and visuospatial WM, r(61) = 0.41, p < 0.001. The only
other EF measure associated with non-verbal intelligence was
the Day/Night Stroop inverse efficiency, r(64) = −0.28, p = 0.02,
revealing that children with higher non-verbal intelligence scores
also had superior performances in terms of verbal response con-
flict (Day/Night Stroop). At the same time, correlations also
revealed that higher anxiety was linked to lower verbal STM spans
at T2, r(66) = −0.26, p = 0.04, as well as to lower verbal and
visuospatial WM spans,−0.38 < r < −0.30. However, trait anx-
iety was not significantly related to response conflict (Knock and
Tap, and Day/Night Stroop) or response suppression (Statue).
The mean anxiety score of children who did not pass the shifting
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task (DCCS, M = 32.20, SD = 12.10) was significantly higher
than that of the children who passed (M = 24.79, SD = 15.85),
t(60) = 2.17, p = 0.03. The only T2 measure for which gender
effects were found was attention shifting as the odds of maximal
performance for girls were 6.11 times (95%CI from 1.99 to 18.76)
the odds of boys.
CROSS-SECTIONAL EFFECTS OF AGE
The current section charts the age-related progress in both STM
and EF abilities through a descriptive, cross-sectional approach.
The graphical exploration in Figure 3A suggests that the most
substantial improvements in terms of verbal STM span roughly
occurred between the age of 3–4 to 4–5 years, after which per-
formance stagnated or had a more modest increase up to the
age of 6–7 years. The only significant increase in verbal STM
performance at T1 was evident when comparing 3- (M = 3.25,
SD = 0.74) to 4-year-olds (M = 4.05, SD = 0.62), t(30) = 3.72,
p < 0.001. However, at T2, 5-year-olds (M = 4.23, SD = 0.62)
significantly outperformed 4-year-olds (M = 3.69, SD = 0.64),
t(32) = 2.83, p = 0.01. This discrepancy made it difficult to pin-
point the exact age at which peak performance in verbal STM
was achieved. However, it is certain that 6-year-olds did not
outperform 5-year-olds in terms of verbal STM at any time
point.
For visuospatial STM (see Figure 3A), children’s improve-
ment was more gradual and continuous across the whole age
range. Based on the T2 assessment of their visuospatial STM span
performance, the difference in estimated means between children
1-year apart was of 0.32 (95% CI from 0.16 to 0.48).
The improvements in WM spans (see Figure 3B) followed a
fairly linear trend, although there was considerable variability in
performance within each 1 year age range (SDs = 0.40). Older
children had mean verbal WM spans 0.27 higher (95% CI from
0.14 to 0.40) than their 1 year younger peers. Older children also
had a 0.23 (95% CI from 0.11 to 0.34) increase in estimated mean
visuospatial WM span.
Similarly, the response time-based measure of verbal response
conflict (i.e., log Day/Night Stroop inverse efficiency) followed a
downward linear trend as age increased (see Figure 3C). A one-
year increase in age was related to a change in estimated mean
Day/Night Stroop performance of −0.39 (95% CI from −0.59
to −0.20). However, older children did not outperform their
younger peers on motor response conflict (Knock and Tap) as a
1-year increase in age was associated with a 0.13 increase in mean
motor response conflict (95% CI from −0.25 to 0.52). On the
response suppression task, a 1-year increase in age was associated
with an increase of 1.73 (95% CI from 0.48 to 2.98) in estimated
mean response suppression (Statue). The percentage of children
passing on the post-shift DCCS increased from 25% (for 4-year
olds) to 67% (for 6-year olds).
CONCURRENT AND PREDICTIVE EFFECTS
Separate eight step hierarchical regressions were conducted
for each outcome (verbal and visuospatial WM, response
FIGURE 3 | Children’s mean STM (A), WM (B), and verbal response
conflict (C) performances with 95% Confidence Intervals. Performance
for verbal response conflict was assessed using the log inverse efficiency
score (total time to complete the task/total score). Vb., verbal; Vs.,
visuospatial; STM, short-term memory; WM, working memory; RC,
Response conflict.
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suppression, verbal and motor response conflict, and shifting).
For all outcomes, the first four predictors included in the regres-
sions were: age at T1 (step 1), gender (step 2), non-verbal intel-
ligence (step 3), and trait anxiety (step 4). In step 5, verbal STM
at T1 was added as a predictor of verbal WM, and visuospatial
STM at T1 as a predictor of visuospatial WM. In the subsequent
steps, we added the domain non-specific STM measures at T1
(i.e., verbal STM for visuospatial WM, and visuospatial STM for
verbal WM; step 6), followed by the domain specific STM mea-
sures at T2 (step 7) and the domain non-specific STM measures
at T2 (step 8). For all other EF outcomes, the remaining predic-
tors were added as follows: verbal STM at T1 (step 5), visuospatial
STM at T1 (step 6), verbal STM at T2 (step 7), visuospatial STM at
T2 (step 8). Hierarchical regression models with the coefficient of
determination (R2) at each step and the F-tests comparing con-
secutive models are presented in Table 2 for WM, as well as in
Table 3 for inhibition and shifting.
Working memory
Individual differences in age, non-verbal intelligence, and anxiety
differently accounted for children’s WM variance. Accordingly,
the first predictor considered, age, accounted for the largest pro-
portion of variance explained in both verbal and visuospatial
WM, while the addition of gender in the second step did not ben-
efit the models. Non-verbal intelligence improved significantly
only themodel of verbalWM span. Further, individual differences
in anxiety were associated to significant changes in the amount
of variance explained in both WM spans, beyond the contribu-
tions of children’s age and non-verbal intelligence scores. Overall,
domain-specific STM measured at T1 was a very good predic-
tor of the respective domain-specific WM, explaining as much as
18% of variance in verbal WM performance, after considering the
effects of age, gender, non-verbal intelligence, and trait anxiety.
On the other hand, domain non-specific STM did not improve
either WM model. Controlling for previous (T1) STM spans, the
addition of concurrent domain specific (T2) STM measures did
not significantly improve the verbal WM model, but had a small
significant effect on visuospatial WM. However, multicollinear-
ity (VIFs as high as 5.6) between the STM spans at the two time
points made it difficult to make inferences about individual (STM
at T1 or at T2) predictors. We were primarily interested in the
ability to predict WM based on STM at T1, therefore, we relied
on the models in the sixth step of the hierarchical regressions to
quantify this relationship (see Table 2).
In the final verbal WM model, the best predictor was verbal
STM; a one point increase in verbal STM was associated with a
change of 0.31 (95% CI from 0.17 to 0.44) in the estimated mean
verbal WM span (see Figure 4A) keeping all other predictors con-
stant. Also, higher non-verbal intelligence scores were linked to
higher verbal WM performance, b = 0.04, SE = 0.01, p = 0.01.
Children with higher anxiety scores tended to have lower ver-
bal WM spans, b = −0.007, SE = 0.003, p = 0.05. This result is
illustrated in Figure 4C. Lastly, age, gender, and visuospatial STM
(T1) were not significant in the final model.
Similarly, in the final model for visuospatial WM performance
(step 6), visuospatial STM was the only significant predictor;
a one point increase in STM span was associated with a 0.22
Table 2 | Hierarchical regression models predicting children’s
performance on verbal and visuospatial working memory (WM)
spans.
Verbal WM Visual WM
B SE β B SE β
STEP 1
Intercept 0.03 0.33 – 0.15 0.29 –
Age 0.02 0.01 0.45*** 0.02 0.00 0.43***
R2(F ) 0.21 (15.31***) 0.19 (13.50***)
STEP 2
Intercept −0.004 0.33 0.15 0.30
Age 0.02 0.01 0.32*** 0.02 0.00 0.43***
Gender 0.17 0.12 0.16 −0.01 0.11 −0.01
R2(F ) 0.23(1.96) 0.19 (0.01)
STEP 3
Intercept −0.26 0.34 – −0.02 0.31 –
Age 0.02 0.01 0.32* 0.01 0.01 0.34*
Gender 0.20 0.12 0.19 0.01 0.11 0.01
Nonvb. Intelligence 0.04 0.02 0.28* 0.03 0.02 0.22
R2(F ) 0.30 (5.32*) 0.23 (2.91)
STEP 4
Intercept 0.32 0.38 – 0.38 0.36 –
Age 0.01 0.01 0.24* 0.01 0.01 0.28*
Gender 0.21 0.11 0.19 0.01 0.10 0.01
Nonvb. Intelligence 0.03 0.02 0.25 0.02 0.01 0.20
Anxiety −0.01 0.00 −0.31** −0.01 0.00 −0.25*
R2(F ) 0.39 (8.08**) 0.28 (4.44*)
STEP 5
Intercept −0.83 0.40 – 0.15 0.35 –
Age 0.01 0.00 0.16 0.00 0.01 0.11
Gender 0.17 0.09 0.16 0.00 0.01 0.00
Nonvb. Intelligence 0.04 0.01 0.28** 0.02 0.01 0.17
Anxiety −0.01 0.00 −0.19+ −0.01 0.00 −0.26*
Domain specific STM
(T1)
0.32 0.07 0.46*** 0.25 0.09 0.35**
R2(F ) 0.57 (23.18***) 0.37 (7.98**)
STEP 6
Intercept −0.86 0.40 – −0.25 0.41 –
Age 0.01 0.01 0.12 0.00 0.01 0.09
Gender 0.17 0.09 0.16 −0.01 0.01 −0.01
Nonvb. Intelligence 0.04 0.01 0.27** 0.02 0.01 0.19
Anxiety −0.01 0.00 −0.19* −0.01 0.00 −0.20
Domain specific STM
(T1)
0.31 0.07 0.44*** 0.22 0.09 0.30*
Domain non-specific
STM (T1)
0.07 0.09 0.09 0.12 0.07 0.20
R2(F ) 0.57 (0.69) 0.41 (2.99)
STEP 7
Intercept −0.95 0.44 – −0.28 0.40 –
Age 0.00 0.01 0.11 0.00 0.01 0.09
Gender 0.17 0.10 0.16 −0.01 0.09 −0.01
Nonvb. Intelligence 0.03 0.01 0.26* 0.02 0.01 0.15
Anxiety −0.01 0.00 −0.18 −0.01 0.00 −0.20
Domain specific STM
(T1)
0.24 0.14 0.34 0.10 0.10 0.14
Domain non-specific
STM (T1)
0.08 0.09 0.10 0.09 0.07 0.15
(Continued)
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Table 2 | Continued
Verbal WM Visual WM
B SE β B SE β
Domain specific STM
(T2)
0.09 0.17 0.11 0.18 0.08 0.30*
R2(F ) 0.58 (0.29) 0.46 (4.89**)
STEP 8
Intercept −0.99 0.44 – −0.48 0.43 –
Age 0.00 0.01 0.10 0.00 0.01 0.06
Gender 0.18 0.10 0.17 0.01 0.01 0.01
Nonvb. Intelligence 0.03 0.01 0.24* 0.01 0.01 0.10
Anxiety −0.01 0.00 −0.18 −0.00 0.00 −0.18
Domain specific STM
(T1)
0.21 0.14 0.30 0.11 0.10 0.16
Domain non-specific
STM (T1)
0.03 0.10 0.04 −0.06 0.14 −0.10
Domain specific STM
(T2)
0.12 0.17 0.14 0.20 0.08 0.32*
Domain non-specific
STM (T2)
0.08 0.09 0.12 0.20 0.17 0.29
R2(F ) 0.58 (0.98) 0.47 (1.46)
β, Standardized regression coefficient; T1, first time assessment; T2, second
time assessment; Domain specific STM, verbal STM for verbal WM, and visu-
ospatial STM for visuospatial WM. Domain non-specific STM, visuospatial STM
for verbal WM, and verbal STM for visuospatial WM. The baseline gender is
male. +p < 0.06, *p < 0.05, **p <0.01, ***p < 0.001.
increase (95% CI from 0.04 to 0.40) in estimated mean WM span
(see Figure 4B), given the other model predictors. The age, gen-
der, non-verbal intelligence, trait anxiety levels, and verbal STM
(T1) did not prove significant. According to the bootstrapped R2,
denoting the ratio of explained variance, the verbal WM model
(bootstrapped R2 = 0.50, 95% BCa CI from 0.35 to 0.68) per-
formed relatively well. However, the visuospatial WM model did
not match this performance, bootstrapped R2 = 0.32 (95% BCa
CI from 0.19 to 0.52).
Inhibition
Response suppression. The hierarchical regression revealed that
beyond the first step (age), no other variable improved the model
for response suppression (see Table 3). This could be explained
by a lack of variability in the outcome measure, nearing a ceiling
effect. The effect of age remained significant in the model includ-
ing gender, non-verbal intelligence, anxiety and verbal STM (T1),
but was insignificant in subsequent models. A description of the
relationship between age and response suppression is presented
in section Cross-sectional effects of age.
Response conflict. The first significant improvement in the model
for motor response conflict (Knock and Tap) came with the addi-
tion of verbal STM at T1 in the fifth step, although the addition
of non-verbal intelligence (step 3) was marginally significant. In
the final model (step 6), only verbal STM remained significant
when controlling for age, gender, non-verbal intelligence, anxiety,
and visuospatial STM at T1, b = 1.07, SE = 0.49, p = 0.030. The
scarcity of good predictors is probably related to the fact that, on
this task, the performance of the majority of children was very
good and there was little variability in the outcome measure. The
overall model (step 6) performed poorly, bootstrapped R2 = 0.12
(95% BCa CI from 0.05 to 0.26).
For verbal response conflict, the addition of any variables after
the first step (age) proved inconsequential in improving the
model fit. Age continued to be a good predictor in the model
containing age, gender, non-verbal intelligence, and verbal and
visuospatial STM at T1 (step 6), b = −0.01, SE = 0.01, p =
0.030. Despite this association, the verbal response conflict model
performed less well overall as compared to both WM models,
bootstrapped R2 = 0.21 (95% BCa CI from 0.11 to 0.40).
Shifting
The probability of passing the DCCS test provided a measure of
children’s shifting performance. The hierarchical regression (see
Table 3) revealed that besides age, the addition of gender, anx-
iety, and verbal STM at T1 improved previous models. In the
final model (step 6), age was no longer significant, alongside
non-verbal intelligence, trait anxiety and visuospatial STM at T1.
However, keeping all else constant, verbal STM span at T1 was
a useful predictor of shifting performance. The estimated prob-
ability of success was larger for children with better verbal STM
performance as the odds of success were 2.99 times (95% CI from
1.06 to 8.40) larger for children who had verbal STM spans larger
by one unit than their peers. The DCCS was the only measure
for which we observed gender differences. The odds ratio of suc-
cess for the girls relative to the boys was 11.74 (95% CI from
2.70 to 51.04), given the same age, non-verbal intelligence, anx-
iety, and STM spans. A graphical representation of the predicted
probabilities of success as a function of gender and verbal STM
at T1 is provided in Figure 5. The performance of the model
in terms of (Cox and Snell’s1 ) R2 was comparable to the one
of the WM models, bootstrapped R2 = 0.36 (95% BCa CI from
0.24 to 0.53).
We were also interested in whether there were differences in
the post-switch DCCS performance between sad and happy stim-
uli. A McNemar’s test failed to show any differences related to
the emotionality of the faces, χ2(1) = 0.55, p = 0.46. Further, we
wanted to explore whether anxiety influenced DCCS trials with
different expressions to a similar extent using a more sensitive
measure of performance based on accuracy, rather than a pass/fail
criterion. Two Poisson regressions were carried out for each
expression including gender, anxiety, and verbal STM as predic-
tors. Anxiety was a significant predictor for sad post-switch trials,
b = −0.014, SE = 0.007, p = 0.05, but not for happy post-switch
trials, b = −0.005, SE = 0.006, p = 0.45.
DISCUSSION
Our study addressed two major research questions. The first one
was developmental, concerning the interrelationships between
early levels of STM performance and subsequent levels of the
same ability, assessing their predictive value for three EF dimen-
sions: WM, inhibition, and shifting. The second one was an
1Note that the maximum of the Cox and Snell pseudo R2 is lower than 1 (1−
L(MIntercept)2/N).
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Table 3 | Hierarchical regression models predicting children’s performance on inhibition (verbal and motor response conflict, and response
suppression) and shifting measures.
Verbal RC Motor RC Response suppression Shifting
B SE β B SE β B SE β B SE β
STEP 1
Intercept 1.52 0.26 25.64 1.90 17.33 3.07 −3.67 1.50
Age −0.02 0.00 −0.49*** 0.03 0.03 0.10 0.15 0.05 0.33** 0.07 0.03 0.68*
R2(F ) 0.24 (19.80***) 0.01 (0.66) 0.11 (7.64**) 0.10 (6.80**)
STEP 2
Intercept 1.52 0.26 25.58 1.92 17.20 3.10 −2.83 1.64
Age −0.02 0.00 −0.49*** 0.03 0.03 0.10 0.15 0.05 0.32** 0.07 0.03 0.77*
Gender 0.01 0.10 0.02 0.17 0.72 0.03 0.51 1.17 0.05 −2.02 0.63 −2.02***
R2(F ) 0.24 (0.02) 0.01 (0.06) 0.11 (0.19) 0.25 (12.15***)
STEP 3
Intercept 1.62 0.29 27.20 2.06 17.65 3.43 −4.17 1.91
Age −0.02 0.00 −0.46*** 0.05 0.03 0.20 0.15 0.06 0.34* 0.06 0.03 0.59
Gender 0.01 0.10 0.01 0.05 0.70 0.01 0.47 1.19 0.05 −2.23 0.66 −2.23***
Nonvb. intelligence −0.01 0.01 −0.10 −0.19 0.10 −0.26 −0.05 0.17 −0.04 0.15 0.09 0.62
R2(F ) 0.25 (0.73) 0.07 (3.81+) 0.11 (0.10) 0.29 (3.13)
STEP 4
Intercept 1.62 0.34 28.89 2.36 17.49 4.05 −2.18 2.13
Age −0.02 0.00 −0.46*** 0.05 0.03 0.17 0.16 0.06 0.34* 0.05 0.03 0.56
Gender 0.01 0.10 0.01 0.07 0.70 0.01 0.47 1.20 0.05 −2.43 0.71 −2.43***
Nonvb. intelligence −0.01 0.01 −0.10 −0.21 0.10 −0.29* −0.05 0.17 −0.04 0.14 0.09 0.55
Anxiety 0.00 0.00 −0.00 −0.04 0.02 −0.18 0.00 0.04 0.01 −0.05 0.02 −0.78*
R2(F ) 0.25 (0.00) 0.10 (2.05) 0.11 (0.01) 0.34 (5.25*)
STEP 5
Intercept 1.72 0.41 25.36 2.78 16.01 4.98 −6.04 3.01
Age −0.02 0.00 −0.44*** 0.02 0.04 0.09 0.15 0.06 0.32* 0.03 0.04 0.35
Gender 0.01 0.10 0.01 −0.08 0.68 −0.01 0.42 1.21 0.04 −2.47 0.75 −2.47***
Nonvb. intelligence −0.01 0.01 −0.11 −0.19 0.10 −0.26 −0.04 0.17 −0.03 0.18 0.10 0.72
Anxiety 0.00 0.00 −0.02 −0.02 0.02 −0.11 0.01 0.04 0.03 −0.05 0.03 −0.66
Vb. STM (T1) −0.03 0.07 −0.06 1.07 0.48 0.29* 0.46 0.85 0.07 1.08 0.51 0.81
R2(F ) 0.25 (0.21) 0.17 (4.94*) 0.11 (0.27) 0.39 (5.25*)
STEP 6
Intercept 1.77 0.40 25.37 2.81 15.56 4.95 −6.08 3.01
Age −0.01 0.01 −0.32* 0.02 0.04 0.10 0.10 0.07 0.23 0.03 0.04 0.36
Gender 0.01 0.10 0.01 −0.08 0.68 −0.01 0.41 1.20 0.04 −2.46 0.75 −2.46***
Nonvb. intelligence −0.01 0.01 −0.08 −0.19 0.10 −0.26 −0.06 0.17 −0.05 0.18 0.10 0.72
Anxiety 0.00 0.00 0.01 −0.02 0.03 −0.11 0.00 0.00 0.01 −0.05 0.03 −0.65
Vb. STM (T1) −0.01 0.07 −0.02 1.07 0.49 0.29* 0.12 0.87 0.03 1.09 0.53 0.82*
Vs. STM (T1) −0.17 0.09 −0.25 −0.05 0.65 −0.01 1.53 1.13 0.20 −0.04 0.61 −0.03
R2(F ) 0.30 (3.40) 0.17 (0.01) 0.14 (1.85) 0.39 (0.01)
STEP 7
Intercept 1.90 0.42 23.47 2.92 13.95 5.27 −5.32 3.09
Age −0.01 0.01 −0.30* 0.01 0.04 0.05 0.09 0.07 0.21 0.06 0.04 0.57
Gender 0.01 0.10 0.00 0.04 0.67 0.01 0.51 1.21 0.05 −2.62 0.80 −2.62***
Nonvb. intelligence −0.01 0.01 −0.05 −0.25 0.10 −0.34* −0.11 0.18 −0.09 0.26 0.12 1.07*
Anxiety 0.00 0.00 0.00 −0.01 0.03 −0.07 0.01 0.04 0.03 −0.06 0.03 −0.85
Vb. STM (T1) 0.09 0.14 0.15 −0.56 0.98 −0.15 −1.18 1.76 −0.18 2.90 1.19 2.17*
Vs. STM (T1) −0.18 0.09 −0.27+ 0.14 0.64 0.03 1.69 1.15 0.22 −0.24 0.68 −0.16
Vb. STM (T2) −0.14 0.17 −0.21 2.20 1.14 0.52+ 1.86 2.07 0.25 −2.22 1.28 −1.53
R2(F ) 0.30 (0.66) 0.22 (3.71+) 0.15 (0.81) 0.42 (3.38)
(Continued)
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Table 3 | Continued
Verbal RC Motor RC Response suppression Shifting
B SE β B SE β B SE β B SE β
STEP 8
Intercept 1.96 0.42 23.19 2.93 13.05 5.17 −5.12 3.11
Age −0.01 0.01 −0.30* 0.01 0.04 0.04 0.09 0.07 0.19 0.05 0.04 0.58
Gender −0.01 0.10 −0.01 0.07 0.67 0.01 0.59 1.18 0.06 −2.66 0.81 −2.66***
Nonvb. intelligence 0.00 0.01 −0.01 −0.27 0.10 −0.36* −0.18 0.18 −0.14 0.27 0.13 1.11*
Anxiety 0.00 0.00 0.00 −0.01 0.02 −0.07 0.01 0.04 0.03 −0.06 0.03 −0.85
Vb. STM (T1) 0.15 0.14 0.26 −0.80 1.00 −0.22 −1.93 1.76 −0.30 2.97 1.21 2.23*
Vs. STM (T1) −0.08 0.11 −0.11 −0.24 0.74 −0.05 0.41 1.30 0.05 −0.06 0.81 −0.04
Vb. STM (T2) −0.18 0.16 −0.27 2.38 1.16 0.56* 2.44 2.04 0.33 −2.29 1.30 −1.58
Vs. STM (T2) −0.17 0.09 −0.28 0.65 0.63 0.16 2.14 1.10 0.31 −0.28 0.66 −0.20
R2(F ) 0.35 (3.54) 0.23 (1.06) 0.21 (3.78) 0.43 (0.18)
β, Standardized regression coefficient. For shifting, β was obtained by standardizing the continuous predictors, and Cox and Snell’s R2 was calculated. T1, first time
assessment; T2, second time assessment. Vb., verbal; Vs., visuospatial, RC, response conflict. The baseline gender is male. +p < 0.06, *p < 0.05, **p <0.01,
***p < 0.001.
FIGURE 4 | Estimated regression lines and 95% Prediction Intervals for:
verbal STM and verbal WM (A), visuospatial STM and visuospatial WM
(B), and for trait anxiety and WM (C). Estimated means correspond to boys
and all other (non-significant) continuous model predictors were set to the
mean sample values. Vb., verbal; Vs., visuospatial; STM, short-term memory;
WM, working memory.
individual differences question, and it concerned the predic-
tive value of early levels of anxiety on subsequent EF, control-
ling for the influence of other individual differences in age,
gender, or non-verbal intelligence. In the literature, both anxiety
and STM, have been linked to attention control (dys)functions,
making it plausible to assume that attention control could
represent a mechanism responsible for their association with EF
performance.
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FIGURE 5 | Estimated probabilities of success on the shifting (DCCS)
task, as a function of verbal STM span and gender. Estimated means
correspond to boys and all other (non-significant) continuous model
predictors were set to the mean sample values. STM, short-term memory.
EARLY EF DEVELOPMENT AND ITS PRECURSORS
A preliminary analysis of inter–task correlations revealed stronger
relationships between measures designed to tap the same under-
lying memory component, confirming domain specificity. The
verbal and visuospatial scales correlated better for WM than
for STM, confirming that WM measures using different stimuli
actually capture more common underlying cognitive processes
than STM tasks. This fits nicely with the suggestion that con-
trolled attention works to keep task-relevant information active
in WM across a variety of stimulus modalities (Engle et al.,
1999). Interestingly, reanalyzing correlations among the three
inhibitory control measures, we noted that the proposed dis-
sociation between response suppression and response conflict
measures (e.g., Friedman and Miyake, 2004; Espy and Bull,
2005) was not fully validated. More specifically, while the asso-
ciations between the verbal and motor response conflict were
poor, scores on response suppression were significantly related
to verbal response conflict. The lack of a significant association
between the two response conflict measures could have different
explanations, including the different outcome measures (accu-
racy vs. inverse efficiency), the use of different stimuli (verbal
vs. visuospatial), or a truly modest coherence between vari-
ous inhibitory control measures in young children (see Lerner,
2012; Van der Ven et al., 2012; Cheie et al., 2014). However,
although expected for this age range (e.g., Willoughby et al.,
2012b), the high levels of performance reached in most inhibitory
task preclude us from drawing strong conclusions regarding the
independence or interdependence of various inhibitory control
measures.
The cross-sectional analysis of the evolution of STM and
EF abilities within this developmental period revealed different
growth patterns for the various outcomes measured. The mean
verbal STM span improved over the course of 3 years by roughly
one unit, meaning that while the youngest children (aged 3) had
a mean maximal span of 3, the oldest ones (aged 6) had a mean
maximal span of 4. Verbal STM performance during this period
most likely reached its peak sometime between the ages of 4 and 5
years, and then in the transition to 6 years progress stagnated. This
confirms previous research indicating that performance in verbal
STM tasks levels off sooner than in visuospatial ones, although
the exact level at which this plateau occurs is placed later, at about
10–11 years (Alloway et al., 2006). This suggests that our find-
ings might indicate simply a transitory slowing down of verbal
STM progress in the late preschool years. However, this does not
imply that there is no within-individual gain in verbal STM, as
such gains were evident in our study, over the 9 month period,
and did not vary as a function of age. Moreover, it is plausible
that over this apparent stagnation period, lower performing chil-
drenmay still continue to improve so as to match their peers. This
statement can be supported by the negative correlation between
STM at the first measurement point and the within-participant
gain in STM.
The development of visuospatial STM was more gradual, per-
formance increasing linearly within the age range recorded in
the study (between 3 and 6 years of age). This parallels pre-
vious proofs of a steady increase in performance on tests that
employ visual material that is not phonologically recordable (e.g.,
Pickering et al., 2001). A storage hypothesis has been proposed
(Logie and Pearson, 1997), suggesting the increase in the capac-
ity of the visuospatial sketchpad. Alternatively, an increasing
involvement of the central executive has been suggested via more
effective strategies or long-term memory knowledge deployment
(Pickering et al., 2001). However, a better rate of attention shift-
ing between locations could also be responsible for the increase
in spatial span (Smith and Jonides, 1997). Using a similar mea-
sure across tasks (the aggregate span) allows us to directly contrast
absolute levels of performance on the verbal compared to the
visuospatial STM. Evident from the descriptive analyses, visu-
ospatial STM in the oldest children (6–7 years) did not match
comparable levels of verbal STM at a much younger age (4–5
years). This confirms the well-documented inferior visuospatial
span compared to the verbal one in preschool children (e.g.,
Pickering et al., 1998; Alloway et al., 2006). The fact that these
tasks are experienced as more difficult is consequential for their
greater involvement in some EF tasks discussed below, confirm-
ing that visuospatial STM tasks draw more executive resources
than the verbal STMmeasures (Miyake et al., 2001; Alloway et al.,
2006).
Age-related improvements regarding children’s WM perfor-
mance appeared to be more gradual, similar to previously iden-
tified trends (Alloway et al., 2006). The mean aggregate span
increased with roughly half a unit over the course of three years on
both verbal and visuospatial WM measures. During the develop-
mental course of WM, it appears that domain-general processing
mechanisms interact with domain-specific storage components
leading to a gradual progress (Bayliss et al., 2003, 2005; Alloway
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et al., 2006) also documented in the current study. Modest age-
related improvements in performance also occurred on themotor
response conflict and the response suppression task. However, there
were no age-related improvements on the accuracy measure from
the verbal response conflict task, but this could be explained by
the fact that children’s performance reached ceiling levels.
The probability of passing the DCCS also increased with age,
yet even for children in the older age group (5–6 years) per-
formance did not reach maximal accuracy (only 58% of 5-year
olds achieved perfect post-switch performance. Interestingly, we
found poorer levels of performance employing an emotional
shifting task compared to previous results with the standard
version of the DCCS in this age range. We believe that the expla-
nation might relate to either (1) the greater impact of emotional
expression as a categorizing criterion and in the resulting nega-
tive priming effect, or (2) the greater perceptual conflict between
the two dimensions (color and emotional expression) induced by
our stimuli. Related to the first explanation, Müller and Zelazo
(2001) have proposed that a negative priming effect might be
generated in the DCCS task by the need to inhibit a dimension
(here, the emotional expression) in order to focus solely on the
target dimension (i.e., color), and then to “undo” this initial inhi-
bition during the second phase (i.e., when emotional expression
becomes the target dimension). To be more specific, it is not that
children have trouble with inhibiting this dominant dimension
(in the pre-shift phase), but rather that they have difficulty disen-
gaging this negative priming effect from the pre-shift set during
the post-shift phase (Garon et al., 2008). This negative priming
explanation could be tested in a future study by reversing the
order of the dimensions (asking the child to categorize the items
first by emotion, and then by color) which should theoretically
reduce this effect. A second possible explanation relates to the
higher degree of perceptual conflict elicited by the two dimensions
during the pre-shift phase. The main distinction from the pre-
vious account is that it does not imply that sorting according to
emotional expression was more salient, but that the target cards,
were perceptually similar to a greater degree than, for instance,
the boats and the rabbits. Apart from the color dimension which
was clearly different, the emotional expression was related to a
simple perceptual difference in the orientation of the mouth line.
Future studies taking this explanation into account, could require
the children to sort the cards according to the same two dimen-
sions in the absence of the target cards, which has already been
shown to improve performance (Perner and Lang, 2002), as no
perceptual mismatch would be present. An alternative would be
to separate the dimensions by placing them side by side on the
card (as in Kloo and Perner, 2005).
CONCURRENT AND PREDICTIVE EFFECTS
The results suggest that given only a time difference of 9 months
betweenmeasurements, the overlap in STM spans was sufficiently
large, such that adding concurrent STM performance to a model
already containing the previous STM did not improve EF pre-
diction to a significant extent. On one hand, this indicates the
stability of the predictive relationships between STM and WM
measures. It is possible, however, that given a larger time dif-
ference between measurements, a direct effect could have been
observed. However, for visuospatial WM, the addition of the sec-
ond time point STMwas significant, suggesting that the impact of
this variable during this 9 months interval is not fully accounted
by its previous development.
In the final models, STM at the first assessment was the most
consistent predictor of performance across the EF measures. The
best model in terms of predictive ability was the verbal WM,
where the variables in the model accounted for over 50% of vari-
ance in the outcome, about a third of explanatory power being
attributed to verbal STM. The models for visuospatial WM and
shifting had a somewhat poorer predictive performance (only
about 30–35% of variance was explained) and models for inhi-
bition were inadequate for prediction purposes (20% or less
of variance was explained). These are also the only models in
which STM was a weak predictor, especially for response conflict,
which diverged from previous findings by Espy and Bull (2005).
However, it is important to note that in that study, children were
divided into dichotomous High and Low digit span groups, while
here a more refined continuous measure was used for both ver-
bal and visuospatial STM performance. In our case, high verbal
STM spans were indicative of good motor response conflict and
shifting performance, while there were no links between STM
spans and response suppression or verbal response conflict. While
the associations between verbal STM span and motor response
conflict parallel those obtained by Espy and Bull (2005), it is
difficult to relate the results concerning the (absence of) asso-
ciations between visuospatial STM, response suppression, and
verbal response conflict to previous literature since the current
experimental design is not directly comparable to any previous
study with preschoolers. Hence, our results need to be validated
in other samples before an explanation could be advanced. Also,
the identified relationship between verbal STM and shifting per-
formance warrants further exploration, suggesting that cognitive
flexibility - as reflected by the Em-DCCS—might be strongly
dependent on children’s ability to verbally encode and maintain
relevant stimulus-related information for brief successive periods
of time. Preliminary evidence supporting this idea comes from
the same study of Espy and Bull (2005), in which preschoolers
with higher memory spans outperformed those with lower mem-
ory spans in the flexibility condition of the Shape School task.
In a more systematic investigation of the contribution of WM
(actually measured with a verbal span task) to the costs of cogni-
tive flexibility in preschoolers, Chevalier and collaborators (2012)
showed that after 4½ years of age, verbal STMwas associated with
specific costs on the same Shape School task. This evidence was
related to the crucial role of verbal memory in the identification
and maintenance of task goals necessary for performance on the
flexibility tasks (Blaye and Chevalier, 2011).
THE ROLE OF INDIVIDUAL DIFFERENCES
Regarding gender differences, the only outcome on which such
effects were found was shifting, as girls were significantly more
likely to pass the DCCS task than boys. These results appar-
ently are at odds with studies in which no gender differences
were found in preschool children on the standard DCCS (e.g.,
Coldren and Colombo, 2009; Moriguchi et al., 2012). However, it
is notable that some studies such as the one conducted by Wiebe
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and collaborators (2008) did find evidence of higher absolute lev-
els of EF performance in preschool girls. Our results are also in
line with studies reporting that preschool girls presented higher
levels of effortful control (e.g., Olson et al., 2005; Raaijmakers
et al., 2008). Also, the fact that our task involved operating with
emotional material (categorizing a stimulus based on emotion)
might have favored the performance of preschool girls, as this has
been previously indicated by their better performance at decoding
emotion from facial expressions (Boyatzis et al., 1993) and their
faster emotional judgments after neutral ones in a shifting context
(Mocan et al., 2014).
Non-verbal intelligence scores were linked to superior WM
spans, but did not have an impact on other EF performances.
These results correspond to many adult and developmental stud-
ies showing thatWMperformance is closely related to intelligence
scores (e.g., Fry and Hale, 2000; Colom et al., 2003), as both types
of tasks employ attentional control (Engle, 2010). Moreover, non-
verbal intelligence was modestly correlated with STM spans, but
not with larger gains in children’s STM spans. These results are in
line with developmental findings suggesting that when the com-
mon variance between WM and STM is controlled, the residual
WM factor is linked to children’s intelligence, whereas the residual
STM factor is not (Engel de Abreu et al., 2010). Hence, the high
inter-subject variation observed for WM could be a reflection
of the fact that WM performance relies on individual differ-
ences beyond STM performance. Taken together, our findings
suggest that the link between intelligence and WM performance
in young children could bemainly explained by the cognitive con-
trol mechanisms employed in WM tasks, and not by the storage
component of such measures.
Regarding the impact of trait anxiety upon children’s EFs, our
hypotheses were partially confirmed. It is important to note that
verbal STM performance at either time point correlated with ini-
tial levels of anxiety, and there was no significant link between
anxiety and visuospatial STM. These results resonate well with
the lack of anxiety-related effects on visuospatial STM found in a
previous study with preschoolers (Visu-Petra et al., 2011). ACT
(Eysenck et al., 2007) predicts that such effects should be less
visible on the accuracy scores of tasks employing lower levels
of attentional control, and more evident in efficiency measures,
which were not available for our STMmeasurements. In line with
this prediction and our current results, Visu-Petra and collab-
orators (Study 1, 2011) found no impact of trait anxiety upon
preschoolers’ STM accuracy, yet on the verbal storage tasks, there
was a detrimental effect upon children’s processing efficiency
(i.e., duration of preparatory intervals). Moreover, it is impor-
tant to note that higher anxiety at the start of the experiment did
not result in lesser gains in STM performance, measured as the
difference between the two STMmeasures.
With regards to children’s performance on a task with similar
levels of executive demands, we found that response suppression
scores were not significantly affected by anxiety. However, con-
trary to our expectations, anxiety did not have a negative effect
on either of the two response conflict measures, which presented
higher levels of executive demands. There is very limited empirical
evidence for such a relationship during early childhood for typi-
cally developing children (e.g., Cheie et al., 2014), as the studies
have been mostly conducted with pediatric anxiety (e.g., Mueller
et al., 2012). However, our negative findings should be regarded
with caution considering the high levels of performance regis-
tered on all inhibitory control measures, as well as the fact that
two of these measures provided only accuracy, and no efficiency
outcomes.
As anticipated, trait anxiety was a significant predictor for
WM components. The association between trait anxiety and
verbal WM was significant even when controlling for other indi-
vidual differences and STM spans. While the negative effect of
anxiety was non-significant in the final model for visuospatial
WM, the fact that anxiety significantly predicted performance
in a previous model in which verbal (i.e., domain non-specific)
STM was omitted is suggestive of the importance of this pre-
dictor for visuospatial WM. However, based on the magnitude
of the effects, it is most likely that anxiety only affects WM to
a practically relevant extent if the children are situated toward
the upper end of the non-clinical spectrum. These results are in
line with the ACT’s predictions (Eysenck et al., 2007) regarding
anxiety’s deleterious impact upon updating, and correspond to
the developmental empirical evidence highlighting such effects
(e.g., Hadwin et al., 2005; Owens et al., 2008; Ng and Lee,
2010; Visu-Petra et al., 2011). To our knowledge, it is the first
time that a detrimental impact of anxiety on a visuospatial WM
measure is observed in young children. These findings are at
odds with Visu-Petra and collaborators’ (2011) results, which
revealed no significant impact of anxiety upon young children’s
visuospatial updating performance. Yet, in adults, several stud-
ies have found individual differences in (threat-induced) state
anxiety to account for performance variations in visuospatial
WM (e.g., Shackman et al., 2006). Given the limited literature
regarding the anxiety-visuospatial WM relationship in young
children, replications of this effect are needed to shed light
in this specific domain, especially considering the abovemen-
tioned idea of the higher executive load (and increased diffi-
culty) experienced by children when performing the visuospatial
memory tasks.
Anxiety also impacted preschoolers’ shifting performance
when controlling for individual differences in age, gender,
and non-verbal intelligence. However, the effect became non-
significant with the addition of STMmeasures. This result appar-
ently fails to confirm our hypothesis and that of the ACT in
predicting anxiety’s detrimental effects in tasks employing set-
shifting (Eysenck et al., 2007). On the other hand, taking a closer
look at stimulus valence, the impact of anxiety on performance
in the post-switching phase was restricted to children’s persevera-
tive errors in categorizing the sad (but not happy) faces according
to the previous dimension (color). There is a documented gen-
eral happy face advantage in recognizing even schematic facial
expressions (Kirita and Endo, 1995), already visible in infants
(Barrera and Maurer, 1981), which might have aided children’s
performance on this type of stimuli. However, we failed to repli-
cate the facilitative effect of positive faces found in the study of
Qu and Zelazo (2007). One crucial difference is that in the study
by Qu and Zelazo (2007), in the happy/sad/neutral faces condi-
tions, children were not required to perform any judgment based
on emotion, but solely on age and gender. Therefore, the emotion
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of the face was not the target of the evaluation, as it was in the
current study. What could have impaired high-anxious children’s
performance in assessing the sad faces according to emotion, and
made them continue in sorting them according to color? One
important clue could come from the systematic analysis, per-
formed by Kirita and Endo (1995) of how emotion displayed by
schematic faces is recognized. Their study indicated that while
happy (schematic) faces appeared to be recognized holistically,
sad faces were more likely to be recognized in an analytical mode.
In this respect, their results showed that sad faces were less dis-
rupted by being presented in an inverted mode, as compared to
the happy faces, for which the advantage completely disappeared
in this inverted mode. It is plausible that this analytical mode of
processing in recognizing emotion might have imposed greater
executive demands, which have selectively disrupted high-anxious
children’s shifting performance. An alternative explanation would
relate to their specific processing of negative emotional informa-
tion conveyed by a sad face which would lead to a phenomenon
of “cognitive avoidance” (Cloitre and Liebowitz, 1991) and prob-
ably to a re-focusing on perceptual aspects of performance such
as stimulus color. However, a replication of this effect in an
independent sample is required before attempting to distinguish
between such potential explanations. Taken together, our find-
ings reveal the crucial importance of taking individual differences
(gender, intelligence, trait anxiety) into account when studying EF
in young children, considering that such differences might influ-
ence, and might themselves be influenced, by individual progress
in executive performance.
LIMITATIONS
There are several limitations which call into question the gener-
alizability of our findings. Some of the limitations are method-
ological, induced by the study design, sample and procedure,
while others are more related to the analytical approach—itself
limited by the methodological constraints. More specifically, one
of the main methodological limitations induced by looking at
a developmental period characterized by intensive changes in
all the assessed dimensions is that performance for the older
children will inevitably reach ceiling levels of performance. This
effect was found in our study to affect mostly measures of inhi-
bition and shifting, similar to previous findings over the same
age range (e.g., Lerner, 2012; Willoughby et al., 2012b). Another
important methodological limitation was induced by the lack of
a processing speed measure, this variable being causally related
to changes in both memory span and executive functioning (Kail
and Salthouse, 1994; Salthouse et al., 1998; Chuah and Mayberry,
1999).
A significant limitation makes us cautious with regards to
directly incorporating current results in the ACT framework
(Eysenck et al., 2007). As the theory predicts that anxiety-related
worrisome thoughts interfere with the current task performance
of an individual, the absence of a direct state anxiety measure
(at both T1 and T2) precludes us from having clear-cut conclu-
sions in this respect. However, using just a trait anxiety measure
can be explained by the fact that in preschoolers, self-report mea-
sures of state anxiety are difficult to obtain in a reliable manner
(Schniering et al., 2000). At the same time, studies also report
that individuals with high levels of trait anxiety also experience
higher levels of state anxiety in potentially stressful situations,
such as performance evaluation for cognitive tasks (Lau et al.,
2006). Nevertheless, trait anxiety was only evaluated at T1 and,
while it could have remained stable within the T1-T2 interval,
this was not directly verified in our study, this jeopardizing the
incorporation of our findings in the ACT framework.
Considering the limitations of our analytic approach, it is
important to note when discussing correlations among EF mea-
sures that these can arise from true similarities in the mechanisms
underlying performance, but can also be confounded by common
age-related effects and by shared method variance which can lead
to spurious overlaps (e.g., reliance on verbal skills or on process-
ing speed). These can only be eliminated by using multiple tasks
tapping the same construct and relying on latent variable analy-
sis to exclude such measurement error (Willoughby et al., 2012b).
We only accomplished this objective to a certain extent, especially
in terms of STM and WM measures, but to a lesser extent in
terms of inhibition and especially of shifting performance. Also,
other impediments eliminated the possibility of a latent variable
analysis were the array of distributions of variables (ceiling effects
noted above), and the limited sample size available at both time
points.
CONCLUSIONS AND FUTURE DIRECTIONS
The aforementioned limitations notwithstanding, there are some
particular strengths of the current study. These are reflected by
the use of repeated assessments conducted at a young age and
related to subsequent levels of performance, the choice (wher-
ever possible) of multiple tasks to assess each construct and its
subcomponents, and the often overlooked analyses of the impact
of individual differences (in age, non-verbal intelligence, and
anxiety).
First, regarding the developmental prerequisites of EF, STM
appears to be a reliable and stable predictor during this interval
(especially of WM and especially for the same stimulus modal-
ity). A cautionary note relates to several studies with preschoolers
which have investigated WM by using tasks purported to mea-
sure STM (Hughes and Ensor, 2007; Wiebe et al., 2008; Noël,
2009). Very early during development such an overlap might be
justified by the high demands posed by a memory span task for
very young children (Reznick, 2007). However in older preschool-
ers our study concurs with other investigations (e.g., Alloway
et al., 2006; Lerner, 2012) in revealing the necessity to delineate
between STM tasks and WM tasks and to focus on the latter as a
more adequate measure of EF. Repeated assessments of STM are
necessary in order to identify the potential dynamics of this inter-
relationship and their presumed common reliance on attention
control/processing speed improvements. We did not replicate the
postulated distinction between response suppression and atten-
tion control mechanisms. It could be that at a young age they
are truly undifferentiated, or that our tasks failed to impose a
similar level of difficulty required in order to analyze inter-task
correlations (see also Carlson, 2005).
Regarding the impact of individual differences, we found
specific links between gender and shifting, between non-verbal
intelligence and WM, and a potential link between trait anxiety
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and verbal/visuospatial WM.While some of these results fit nicely
and extend the theoretical frameworks proposed in the literature
with adults (e.g., the ACT; Eysenck et al., 2007), they need sub-
stantial replication in larger independent samples and repeated
assessments of individual differences over time. For instance, it
would be relevant to measure anxiety at more than one time point
in order to observe if past levels of anxiety affect performance
beyond current levels, suggesting an early impact of anxiety on
information-processing patterns, probably as a consequence of
the enhanced plasticity of young children’s threat-processing cir-
cuitry (Pine, 2007). Again, more intermediary time points are also
needed in order to fully grasp the reciprocal interactions between
cognitive, emotional, and (pre)dispositional factors during early
development.
ACKNOWLEDGMENTS
This work was supported by two grants from the Romanian
National Authority for Scientific Research, CNCS—UEFISCDI,
project numbers PNII-RU-TE-2012-3-0323 and PN-II-ID-PCE-
2012-4-0668. The funders had no role in the study design, data
collection and analysis, decision to publish, or preparation of the
manuscript. The authors are grateful to Irina Bulai for her help
with the data collection and to Paul Whitehead for proofreading
the manuscript. Finally, we are thankful to the children, parents
and kindergartens for their involvement in the study.
SUPPLEMENTARY MATERIALS
The Supplementary Material for this article can be found
online at: http://www.frontiersin.org/journal/10.3389/fpsyg.
2014.00443/abstract
REFERENCES
Alloway, T. P. (2007). Automated Working Memory Assessment. London: Pearson
Assessment.
Alloway, T. P., Gathercole, S. E., and Pickering, S. J. (2006). Verbal and visuospatial
short-term and working memory in children: are they separable? Child Dev. 77,
1698–1716. doi: 10.1111/j.1467-8624.2006.00968.x
Anderson, P., Anderson, V., Northam, E., and Taylor, H. G. (2000). Standardization
of the Contingency Naming Test (CNT) for school-aged children: a measure of
reactive flexibility. Clin. Neurophysiol. Assesment 1, 247–273.
Baddeley, A. D. (2000). The episodic buffer: a new component of workingmemory?
Trends Cogn. Sci. 4, 417–423. doi: 10.1016/S1364-6613(00)01538-2
Baddeley, A. D., and Hitch, G. J. (1974). “Working memory,” in The Psychology
of Learning and Motivation, ed G. H. Bower (New York, NY: Academic Press),
47–89.
Barrera, M., and Maurer, D. (1981). Recognition of mother’s photographed face by
the three-month-old infant. Child Dev. 52, 714–716. doi: 10.2307/1129196
Barkley, R. A. (1997). ADHD and the Nature of Self-Control. New York: Guilford
Press.
Barrouillet, P., Bernardin, S., and Camos, V. (2004). Time constraints and resource
sharing in adults’ working memory spans. J. Exp. Psychol. 133, 83–100. doi:
10.1037/0096-3445.133.1.83
Bayliss, D. M., Jarrold, C., Baddeley, A. D., and Gunn, D. M. (2005). The relation-
ship between short–term memory and working memory: complex span made
simple?Memory 13, 414–421. doi: 10.1080/09658210344000332
Bayliss, D. M., Jarrold, C., Gunn, D. M., and Baddeley, A. D. (2003). The com-
plexities of complex span: explaining individual differences in working memory
in children and adults. J. Exp. Psychol. 132, 71–92. doi: 10.1037/0096-3445.
132.1.71
Benga, O., T¸incas¸, I., and Visu-Petra, L. (2010). Investigating the structure of
anxiety symptoms among Romanian preschoolers using the Spence Preschool
Anxiety Scales. Cogn. Brain Behav. 14, 159–182.
Blaye, A., and Chevalier, N. (2011). The role of goal representation in preschool-
ers’ flexibility and inhibition. J. Exp. Child Psychol. 108, 469–483. doi:
10.1016/j.jecp.2010.09.006
Boyatzis, C. J., Chazan, E., and Ting, C. Z. (1993). Preschool chil-
dren’s decoding of facial emotions. J. Genet. Pers. 154, 375–382. doi:
10.1080/00221325.1993.10532190
Brocki, K. C., Eninger, L., Thorell, L. B., and Bohlin, G. (2010). Interrelations
between executive function and symptoms of hyperactivity/impulsivity and
inattention in preschoolers: a two year longitudinal study. J. Abnorm. Child.
Psych. 38, 163–171. doi: 10.1007/s10802-009-9354-9
Carlson, S. M. (2005). Developmentally sensitive measures of executive
function in preschool children. Dev. Neuropsychol. 28, 595–616. doi:
10.1207/s15326942dn2802_3
Carlson, S. M., Moses, L. J., and Hix, H. R. (1998). The role of inhibitory processes
in young children’s difficulties with deception and false belief. Child Dev. 69,
672–691. doi: 10.1111/j.1467-8624.1998.00672.x
Case, R. (1985). Intellectual Development: Birth to Adulthood. New York, NY:
Academic Press.
Cheie, L., Veraksa, A., Zinchenko, Y., Gorovaya, A., and Visu-Petra, L. (2014). A
cross-cultural investigation of inhibitory control, generative fluency, and anxi-
ety symptoms in Romanian and Russian preschoolers. Child Neuropsychol. doi:
10.1080/09297049.2013.879111. [Epub ahead of print].
Chen, N. T., Clarke, P. J., MacLeod, C., and Guastella, A. J. (2012). Biased atten-
tional processing of positive stimuli in social anxiety disorder: an eye movement
study. Cogn. Behav. Ther. 41, 96–107. doi: 10.1080/16506073.2012.666562
Chevalier, N., Sheffield, T. D., Nelson, J. M., Clark, C. A., Wiebe, S. A., and Espy,
K. A. (2012). Underpinnings of the costs of flexibility in preschool children: the
roles of inhibition and working memory. Dev. Neuropsychol. 37, 99–118. doi:
10.1080/87565641.2011.632458
Chuah, Y. M. L., and Mayberry, M. T. (1999). Verbal and spatial short-term mem-
ory: common sources of developmental change? J. Exp. Child Psychol. 73, 7–44.
doi: 10.1006/jecp.1999.2493
Ciairano, S., Visu-Petra, L., and Settanni, M. (2007). Executive inhibitory con-
trol and cooperative behavior during early school years: a follow-up study.
J. Abnorm. Child Psych. 17, 335–345. doi: 10.1007/s10802-006-9094-z
Cloitre, M., and Liebowitz, M. R. (1991). Memory bias in panic disorder: an inves-
tigation of the cognitive avoidance hypothesis.Cogn. Ther. Res. 15, 371–386. doi:
10.1007/BF01173032
Coldren, J. T., and Colombo, J. (2009). Attention as a cueing function during
kindergarten children’s dimensional change task performance. Infant Child Dev.
18, 441–454. doi: 10.1002/icd.632
Colom, R., Flores-Mendoza, C., and Rebollo, I. (2003). Working memory and
intelligence. Pers. Indiv. Differ. 34, 33–39. doi: 10.1016/S0191-8869(02)00023-5
Corsi, A. T. (1972). Human Memory and the Medial Temporal Region of the Brain.
Montreal: McGill University.
Cowan, N. (2001). The magical number 4 in short-term memory: a recon-
sideration of mental storage capacity. Behav. Brain Sci. 24, 87–185. doi:
10.1017/S0140525X01003922
Cowan, N., Nugent, L. D., Elliott, E. M., Ponomarev, I., and Saults, J. S. (1999). The
role of attention in the development of short−term memory: age differences in
the verbal span of apprehension. Child Dev. 70, 1082–1097. doi: 10.1111/1467-
8624.00080
Cowan, N., Towse, J. N., Hamilton, Z., Saults, J. S., Elliott, E. M., Lacey, J. F.,
et al. (2003). Children’s working-memory processes: a response-timing analysis.
J. Exp. Psychol. 132, 113–132. doi: 10.1037/0096-3445.132.1.113
Dempster, F. N. (1992). The rise and fall of the inhibitory mechanism: toward a
unified theory of cognitive development and aging. Dev. Rev. 12, 45–75. doi:
10.1016/0273-2297(92)90003-K
Diamond, A. (1991). “Neuropsychological insights into the meaning of object con-
cept development,” in Theepigenesis of Mind: Essays on Biology and Knowledge,
eds S. Carey and R. Gelman, (Hillsdale, NJ: Erlbaum), 67–110.
Diamond, A., and Gilbert, J. (1989). Development as progressive inhibitory con-
trol of action: retrieval of a contiguous object. Cogn. Dev. 4, 223–249. doi:
10.1016/0885-2014(89)90007-5
Diamond, A., and Kirkham, N. (2001). “Card sorting by children of 3 and 4 years
and task switching by older children: inhibition needed to overcome attentional
inertia,” in Rule Use Through the Lens of the Dimensional Change Card Sort: What
Develops? Symposium Conducted at the Meeting of the Cognitive Development
Society, (Virginia Beach, VA).
Frontiers in Psychology | Developmental Psychology May 2014 | Volume 5 | Article 443 | 18
Visu-Petra et al. Early precursors of executive functioning
Diamond, A., and Kirkham, N. (2005). Not as grown-up as we like to think: par-
allels between cognition in childhood and adulthood. Psychol. Sci. 16, 291–297.
doi: 10.1111/j.0956-7976.2005.01530.x
Diamond, A., Carlson, S. M., and Beck, D. M. (2005). Preschool children’s perfor-
mance in task switching on the dimensional change card sort task: separating
the dimensions aids the ability to switch. Dev. Neuropsychol. 28, 689–729. doi:
10.1207/s15326942dn2802_7
Engel de Abreu, P. M., Conway, A. R., and Gathercole, S. E. (2010). Working
memory and fluid intelligence in young children. Intelligence 38, 552–561. doi:
10.1016/j.intell.2010.07.003
Engle, R. W. (2010). Role of working memory capacity in cognitive control.Curr.
Anthropol. 51, 17–26. doi: 10.1086/650572
Engle, R. W. (2002). Working memory capacity as executive attention. Curr. Dir.
Psychol. Sci. 11, 19–23. doi: 10.1111/1467-8721.00160
Engle, R. W., Kane, M. J., and Tuholski, S. W. (1999). “Individual differences in
working memory capacity and what they tell us about controlled attention,
general fluid intelligence, and functions of the prefrontal cortex,” in Models of
Working Memory: Mechanisms of Active Maintenance and Executive Control, eds
A. Miyake and P. Shah (New York, NY: Cambridge University Press), 102–134.
Espy, K. A., and Bull, R. B. (2005). Inhibitory processes in young children and indi-
vidual variation in short-term memory. Dev. Neuropsychol. 28, 669–688. doi:
10.1207/s15326942dn2802_6
Eysenck, M. W., and Derakshan, N. (2011). New perspectives in attentional control
theory. Pers. Indiv. Differ. 50, 955–960. doi: 10.1016/j.paid.2010.08.019
Eysenck, M. W., Derakshan, N., Santos, R., and Calvo, M. (2007). Anxiety and cog-
nitive performance: The Attentional Control Theory. Emotion 7, 336–353. doi:
10.1037/1528-3542.7.2.336
Friedman, N. P., and Miyake, A. (2004). The relations among inhibition and inter-
ference control functions: a latent variable analysis. J. Exp. Psychol. 133, 101–135.
doi: 10.1037/0096-3445.133.1.101
Friedman, N. P., Miyake, A., Young, S. E., DeFries, J. C., Corley, R. P., and
Hewitt, J. K. (2008). Individual differences in executive functions are almost
entirely genetic in origin. J. Exp. Psychol. Gen. 137, 201–225. doi: 10.1037/0096-
3445.137.2.201
Fry, A. F., and Hale, S. (2000). Relationships among processing speed, work-
ing memory, and fluid intelligence in children. Biol. Psychol. 54, 1–34. doi:
10.1016/S0301-0511(00)00051-X
Garon, N., Bryson, S. E., and Smith, I. M. (2008). Executive function in preschool-
ers: a review using an integrative framework. Psychol. Bull. 134, 31–60. doi:
10.1037/0033-2909.134.1.31
Gathercole, S. E., Willis, C. S., Emslie, H., and Baddeley, A. D. (1992). Phonological
memory and vocabulary development during the early school years: a longitu-
dinal study. Dev. Psychol. 28, 887–898. doi: 10.1037/0012-1649.28.5.887
Gathercole, S. E., Pickering, S. J., Ambridge, B., andWearing, H. (2004). The struc-
ture of working memory from 4 to 15 years of age. Dev. Psychol. 40, 177–190.
doi: 10.1037/0012-1649.40.2.177
Gerstadt, C. L., Hong, Y. J., and Diamond, A. (1994). The relationship
between cognition and action: performance of children 312–7 years old on a
stroop-like day-night test. Cognition 53, 129–153. doi: 10.1016/0010-0277(94)
90068-X
Hadwin, J. A., and Field, A. P. (2010). Information Processing Biases and Anxiety: A
Developmental Perspective. Chichester: Wiley. doi: 10.1002/9780470661468
Hadwin, J. A., Donnelly, N., French, C. C., Richards, A., Watts, A., and Daley,
D. (2003). The influence of children’s self−report trait anxiety and depression
on visual search for emotional faces. J. Child. Psychol. Psyc. 44, 432–444. doi:
10.1111/1469-7610.00133
Hadwin, J., Brogan, J., and Stevenson, J. (2005). State anxiety and working memory
in children: a test of processing efficiency theory. Educ. Psychol. 25, 379–393.
doi: 10.1080/01443410500041607
Hughes, C., and Ensor, R. (2007). Executive function and theory ofmind: predictive
relations from ages 2 to 4. Dev. Psychol. 43, 1447–1459. doi: 10.1037/0012-
1649.43.6.1447
Hughes, C., and Ensor, R. (2011). Individual differences in growth in executive
function across the transition to school predict externalizing and internalizing
behaviors and self-perceived academic success at 6 years of age. J. Exp. Child
Psychol. 108, 663–676. doi: 10.1016/j.jecp.2010.06.005
Hughes, C., Ensor, R., Wilson, A., and Graham, A. (2010). Tracking execu-
tive function across the transition to school: a latent variable approach. Dev.
Neuropsychol. 35, 20–36. doi: 10.1080/87565640903325691
Huizinga, M., Dolan, C. V., and van der Molen, M. W. (2006). Age-related change
in executive function: developmental trends and a latent variable analysis.
Neuropsychologia 44, 2017–2036. doi: 10.1016/j.neuropsychologia.2006.01.010
Ingram, R. E., and Price, J. M. (2010). “Understanding psychopathology: the role
of vulnerability,” in Vulnerability to Psychopathology. Risk across the Lifespan, eds
R. E. Ingram and J. M. Price (New York, NY: Guilford Publications), 3–17.
Jacques, S., and Zelazo, P. D. (2001). The flexible item selection task (FIST): A mea-
sure of executive function in preschoolers. Dev. Neuropsychol. 20, 573–591. doi:
10.1207/S15326942DN2003_2
Kail, R., and Salthouse, T. A. (1994). Processing speed as a mental capacity. Acta
Psychol. 86, 199–225. doi: 10.1016/0001-6918(94)90003-5
Kaplan, E., Fein, D., Morris, R., and Delis, D. (1991). WAIS-R-NI Manual. San
Antonio, TX: Psychological Corporation.
Kennett, S., Eimer, M., Spence, C., and Driver, J. (2001). Tactile-visual links
in exogenous spatial attention under different postures: convergent evi-
dence from psychophysics and ERPs. J. Cogn. Neurosci. 13, 462–478. doi:
10.1162/08989290152001899
Kirita, T., and Endo, M. (1995). Happy face advantage in recognizing facial
expressions. Acta Psychol. 89, 149–163. doi: 10.1016/0001-6918(94)00021-8
Klenberg, L., Korkman,M., and Lahti-Nuuttila, P. (2001). Differential development
of attention and executive functions in 3- to 12-year old Finnish children. Dev.
Neuropsychol. 20, 407–428. doi: 10.1207/S15326942DN2001_6
Kloo, D., and Perner, J. (2005). Disentangling dimensions in the dimen-
sional change card−sorting task. Dev. Sci. 8, 44–56. doi: 10.1111/j.1467-
7687.2005.00392.x
Korkman, M., Kirk, U., and Kemp, S. (1998). NEPSY: A Developmental
Neuropsychological Assessment. New York, NY: The Psychological Corporation.
Lau, J. Y. F., Eley, T. C., and Stevenson, J. (2006). Examining the state–trait anxiety
relationship: a behavioural genetic approach. J. Abnorm. Child. Psych. 34, 19–27.
doi: 10.1007/s10802-005-9006-7
Lee, K., Ng, S. F., Pe, M. L., Ang, S. Y., Hasshim, M. N., and Bull, R. (2012). The
cognitive underpinnings of emerging mathematical skills: executive function-
ing, patterns, numeracy, and arithmetic. Br. J. Educ. Psychol. 82, 82–99. doi:
10.1111/j.2044-8279.2010.02016.x
Lehto, J. E., Juujärvi, P., Kooistra, L., and Pulkkinen, L. (2003). Dimensions of exec-
utive functioning: evidence from children. Br. J. Dev. Psychol. 21, 59–80. doi:
10.1348/026151003321164627
Lerner, M. D. (2012). Executive Function Among Preschool Children: Unitary Versus
Distinct Abilities. Electronic Theses, Treatises and Dissertations. Paper 5389.
Available online at: http://diginole.lib.fsu.edu/etd/5389.
Logie, R. H., and Pearson, D. G. (1997). The inner eye and the inner scribe of visuo-
spatial working memory: evidence from developmental fractionation. Eur. J.
Cogn. Psychol. 9, 241–257. doi: 10.1080/713752559
MacLeod, C. M. (1991). Half a century of research on the Stroop effect: an integra-
tive review. Psychol. Bull. 109, 163–203. doi: 10.1037/0033-2909.109.2.163
Miller, M. R., Giesbrecht, G. F., Müller, U., McInerney, R. J., and Kerns,
K. A. (2012). A latent variable approach to determining the structure of
executive function in preschool children. J. Cogn. Dev. 13, 395–423. doi:
10.1080/15248372.2011.585478
Miyake, A., and Friedman, N. P. (2012). The nature and organization of individual
differences in executive functions four general conclusions. Curr. Dir. Psychol.
Sci. 21, 8–14. doi: 10.1177/0963721411429458
Miyake, A., Friedman, N. P., Emerson,M. J.,Witzki, A. H., Howerter, A., andWager,
T. D. (2000). The unity and diversity of executive functions and their contribu-
tions to complex “frontal lobe” tasks: a latent variable analysis. Cogn. Pscyhol.
41, 49–100. doi: 10.1006/cogp.1999.0734
Miyake, A., Friedman, N. P., Rettinger, D. A., Shah, P., and Hegarty, M. (2001).
How are visuospatial working memory, executive functioning, and spatial abil-
ities related? a latent-variable analysis. J. Exp. Psychol. Gen. 130, 621–640. doi:
10.1037/0096-3445.130.4.621
Mocan, O., Stanciu, O., and Visu-Petra, L. (2014). Attentional set-shifting in chil-
dren: effects of individual differences in anxiety and attentional control. Anxiety
Stress Coping. doi: 10.1080/10615806.2014.888419. [Epub ahead of print].
Moriguchi, Y., Evans, A. D., Hiraki, K., Itakura, S., and Lee, K. (2012). Cultural dif-
ferences in the development of cognitive shifting: East–West comparison. J. Exp.
Child Psychol. 111, 156–163. doi: 10.1016/j.jecp.2011.09.001
Morton, J. B., and Munakata, Y. (2002). Active versus latent representations:
a model of perseveration, knowledge-action dissociation, and décalage. Dev.
Psychobiol. 40, 255–265. doi: 10.1002/dev.10033
www.frontiersin.org May 2014 | Volume 5 | Article 443 | 19
Visu-Petra et al. Early precursors of executive functioning
Mueller, S. C. (2011). The influence of emotion on cognitive control: relevance
for development and adolescent psychopathology. Front. Psychol. 2:327, doi:
10.3389/fpsyg.2011.00327
Mueller, S. C., Hardin, M. G., Mogg, K., Benson, V., Bradley, B. P., Reinholdt-
Dunne, M. L., et al. (2012). The influence of emotional stimuli on attention
orienting and inhibitory control in pediatric anxiety. J. Child. Psychol. Psyc. 53,
856–863. doi: 10.1111/j.1469-7610.2012.02541.x
Müller, U., and Zelazo, P.D. (2001). “The role of selective attention and negative
priming in the DCCS,” in Paper Presented at the Second Biennial Meeting of the
Cognitive Development Society, (Virginia Beach).
Munakata, Y. (2001). Graded representations in behavioral dissociations. Trends
Cogn. Sci. 5, 309–315. doi: 10.1016/S1364-6613(00)01682-X
Ng, E. L., and Lee, K. (2010). Children’s task performance under stress and non-
stress conditions. Cogn. Emot. 24, 1229–1238. doi: 10.1080/02699930903172328
Nigg, J. T. (2000). On inhibition/disinhibition in developmental psychopathol-
ogy: views from cognitive and personality psychology and a working
inhibition taxonomy. Psychol. Bull. 126, 220–246. doi: 10.1037/0033-2909.
126.2.220
Noël, M. P. (2009). Counting on working memory when learning to count and to
add: a preschool study. Dev. Psychol. 45, 1630–1643. doi: 10.1037/a0016224
Olson, S. L., Sameroff, A. J., Kerr, D. C., Lopez, N. L., and Wellman, H.
M. (2005). Developmental foundations of externalizing problems in young
children: the role of effortful control. Dev. Psychopatol. 17, 25–45. doi:
10.1017/S0954579405050029
Owens, M., Stevenson, J., Hadwin, J. A., and Norgate, R. (2012). Anxiety and
depression in academic performance: an exploration of the mediating fac-
tors of worry and working memory. School Psychol. Int. 33, 433–449. doi:
10.1177/0143034311427433
Owens, M., Stevenson, J., Norgate, R., and Hadwin, J. A. (2008). Processing
efficiency theory in children: working memory as a mediator between trait
anxiety and academic performance. Anxiety Stress Coping 21, 417–430. doi:
10.1080/10615800701847823
Pascual-Leone, J. (1970). A mathematical model for the transition rule in
Piaget’s developmental stages. Acta Psychol. 32, 301–345. doi: 10.1016/0001-
6918(70)90108-3
Perner, J., and Lang, B. (2002). What causes 3−year−olds’ difficulty on the dimen-
sional change card sorting task?. Infant Child Dev. 11, 93–105. doi: 10.1002/
icd.299
Pessoa, L. (2008). On the relationship between emotion and cognition. Nat. Rev.
Neurosci. 9, 148–158. doi: 10.1038/nrn2317
Pickering, S. J., Gathercole, S. E., Hall, M., and Lloyd, S. A. (2001). Development
of memory for pattern and path: further evidence for the fractionation
of visuo-spatial working memory. Q. J. Exp. Psychol. 54A, 397–420. doi:
10.1080/713755973
Pickering, S. J., Gathercole, S. E., and Peaker, S. H. (1998). Verbal and visuo-
spatial short-term memory in children: evidence for common and distinct
mechanisms.Mem. Cogn. 26, 1117–1130. doi: 10.3758/BF03201189
Pine, D. S. (2007). Research review: a neuroscience framework for pediatric
anxiety disorders. J. Child. Psychol. Psyc. 48, 631–648. doi: 10.1111/j.1469-
7610.2007.01751.x
Posner, M. I., Rothbart, M. K., and Harman, C. (1994). Emotion and Culture:
Empirical Studies of Mutual Influence. Washington, DC: American Psychological
Association.
Qu, L., and Zelazo, P. D. (2007). The facilitative effect of positive stimuli on 3-year-
old’s flexible rule use.Cogn. Dev. 22, 456–473. doi: 10.1016/j.cogdev.2007.08.010
Raaijmakers, M. A., Smidts, D. P., Sergeant, J. A., Maassen, G. H., Posthumus, J. A.,
Van Engeland, H., et al. (2008). Executive functions in preschool children with
aggressive behavior: impairments in inhibitory control. J. Abnorm. Child Psych.
36, 1097–1107. doi: 10.1007/s10802-008-9235-7
Raven, J., Raven, J. C., and Court, J. H. (1998). Manual for Raven’s Progressive
Matrices and Vocabulary Scales. Section 2: The Coloured Progressive Matrices.
Oxford: Oxford Psychologists Press.
Razza, R. A., and Blair, C. (2009). Associations among false-belief understanding,
executive function, and social competence: a longitudinal analysis. J. Appl. Dev.
Psychol. 30, 332–343. doi: 10.1016/j.appdev.2008.12.020
Reznick, J. S. (2007). “Working memory in infants and toddlers,” in Short- and
Long-TermMemory in Infancy and Early Childhood: Taking the First Steps Toward
Remembering, eds L. M. Oakes and P. J. Bauer (Oxford: Oxford University
Press), 3–26.
Riggs, N. R., Blair, C. B., and Greenberg, M. T. (2004). Concurrent and 2-year
longitudinal relations between executive function and the behavior of 1st and
2nd grade children. Child Neuropsychol. 9, 267–276. doi: 10.1076/chin.9.4.267.
23513
Roberts, R. J., and Pennington, B. F. (1996). An integrative framework for exam-
ining prefrontal cognitive processes. Dev. Neuropsychol. 12, 105–126. doi:
10.1080/87565649609540642
Röthlisberger, M., Neuenschwander, R., Cimeli, P., Michel, E., and Roebers, C. M.
(2012). Improving executive functions in 5−and 6−year−olds: Evaluation of a
small group intervention in prekindergarten and kindergarten children. Infant
Child Dev. 21, 411–429. doi: 10.1002/icd.752
Russell, J., Jarrold, C., and Henry, L. (1996). Working memory in children with
autism and with moderate learning difficulties. J. Child. Psychol. Psyc. 37,
673–686. doi: 10.1111/j.1469-7610.1996.tb01459.x
Salthouse, T. A. (2005). Relations between cognitive abilities and measures
of executive functioning. Neuropsychology 19, 532–545. doi: 10.1037/0894-
4105.19.4.532
Salthouse, T. A., Fristoe, N., McGuthry, K. E., and Hambrick, D. Z. (1998).
Relation of task switching to speed, age, and fluid intelligence. Psychol. Aging.
13, 445–461. doi: 10.1037/0882-7974.13.3.445
Schneider, W., Kron, V., Hünnerkopf, M., and Krajewski, K. (2004). The
development of young children’s memory strategies: first findings from the
Würzburg Longitudinal Memory Study. J. Exp. Child Psychol. 88, 193–209. doi:
10.1016/j.jecp.2004.02.004
Schniering, C., Hudson, J. L., and Rapee, R. M. (2000). Issues in the assessment and
diagnosis of anxiety disorders in children and adolescents. Clin. Psychol. Rev. 20,
453–478. doi: 10.1016/S0272-7358(99)00037-9
Spence, S. H., Rapee, R., McDonald, C., and Ingram, M. (2001). The structure of
anxiety symptoms among preschoolers. Behav. Res. Ther. 39, 1293–1316. doi:
10.1016/S0005-7967(00)00098-X
Shackman, A. J., Sarinopoulos, I., Maxwell, J. S., Pizzagalli, D. A., Lavric A.,
and Davidson, R. J. (2006). Anxiety selectively disrupts visuospatial working
memory. Emotion 6, 40–61. doi: 10.1037/1528-3542.6.1.40
Simpson, A., and Riggs, K. J. (2005). Inhibitory and working memory demands
of the day–night task in children. Br. J. Dev. Psychol. 23, 471–486. doi:
10.1348/026151005X28712
Smith, E. E., and Jonides, J. (1997). Working memory: a view from neuroimaging.
Cogn. Pscyhol. 33, 5–42. doi: 10.1006/cogp.1997.0658y
Thorell, L. B., and Wåhlstedt, C. (2006). Executive functioning deficits in relation
to symptoms of ADHD and/or ODD in preschool children. Infant Child Dev.
15, 503–518. doi: 10.1002/icd.475
Tillman, C., Brocki, K. C., Sørensen, L., and Lundervold, A. J. (2013). A longitudi-
nal examination of the developmental executive function hierarchy in children
with externalizing behavior problems. J. Atten. Disord. doi: 10.1177/1087054
713488439. [Epub ahead of print].
Van der Ven, S. H., Kroesbergen, E. H., Boom, J., and Leseman, P. P. (2012).
The development of executive functions and early mathematics: a dynamic
relationship. Br. J. Educ. Psychol. 82, 100–119. doi: 10.1111/j.2044-8279.2011.
02035.x
Visu-Petra, L., Cheie, L., Benga, O., and Alloway, T. P. (2011). Effects of anxiety on
memory storage and updating in young children. Int. J. Behav. Dev. 35, 38–47.
doi: 10.1177/0165025410368945
Visu-Petra, L., Cheie, L., and Miu, A. C. (2013a). “Working memory and anxi-
ety: exploring the interplay of individual differences across development,” in
Working Memory: the Connected Intelligence, eds T. P. Alloway and R. G. Alloway
(New York, NY: Psychology Press), 187–216.
Visu-Petra, L., Cheie, L., and Mocan, O. (2013b). “Executive functioning in
high-trait anxious children: a cognitive vulnerability factor?” in Stress and
Anxiety, eds K. Moore, K. Kaniasty, and P. Buchwald (Berlin: Logos),
153–160.
Visu-Petra, L., Miclea, M., Cheie, L., and Benga, O. (2009). Processing efficiency
in preschoolers’ memory span: individual differences related to age and anxiety.
J. Exp. Child Psychol. 103, 30–48. doi: 10.1016/j.jecp.2008.09.002
Visu-Petra, L., T¸incas¸, I., Cheie, L., and Benga, O. (2010). Anxiety and visual-
spatial memory updating in young children: an investigation using emo-
tional facial expressions. Cogn. Emot. 24, 223–240. doi: 10.1080/026999309033
87546
Wechsler, D. (1991).Manual for the Wechsler Intelligence Scale for Children-(WISC-
III). San Antonio, TX: Psychological Corporation.
Frontiers in Psychology | Developmental Psychology May 2014 | Volume 5 | Article 443 | 20
Visu-Petra et al. Early precursors of executive functioning
Wiebe, S. A., Espy, K. A., and Charak, D. (2008). Using confirmatory factor analysis
to understand executive control in preschool children: I. Latent structure. Dev.
Psychol. 44, 575–587. doi: 10.1037/0012-1649.44.2.575
Wiebe, S. A., Sheffield, T., Nelson, J. M., Clark, C. A., Chevalier, N., and Espy, K. A.
(2011). The structure of executive function in 3-year-olds. J. Exp. Child Psychol.
108, 436–452. doi: 10.1016/j.jecp.2010.08.008
Willoughby, M. T., Blair, C. B., Wirth, R. J., and Greenberg, M. (2010). The mea-
surement of executive function at age 3 years: psychometric properties and
criterion validity of a new battery of tasks. Psychol. Assessment 22, 306–317. doi:
10.1037/a0018708
Willoughby, M. T., Kupersmidt, J. B., and Voegler-Lee, M. E. (2012a). Is
preschool executive function causally related to academic achievement? Child
Neuropsychol. 18, 79–91. doi: 10.1080/09297049.2011.578572
Willoughby, M. T., Blair, C. B., Wirth, R. J., and Greenberg, M. (2012b). The
measurement of executive function at age 5: psychometric properties and
relationship to academic achievement. Psychol. Assessment 24, 226–239. doi:
10.1037/a0025361
Wright, I., Waterman, M., Prescott, H., and Murdoch−Eaton, D. (2003). A new
Stroop−like measure of inhibitory function development: typical develop-
mental trends. J. Child. Psychol. Psyc. 44, 561–575. doi: 10.1111/1469-7610.
00145
Zelazo, P. D. (2006). The dimensional change card sort (DCCS): A method
of assessing executive function in children. Nat. Protoc. 1, 297–301. doi:
10.1038/nprot.2006.46
Zelazo, P. D., andMüller, U. (2002). The balance beam in the balance: reflections on
rules, relational complexity, and developmental processes. J. Exp. Child Psychol.
81, 458–465. doi: 10.1006/jecp.2002.2667
Zelazo, P. D., Müller, U., Frye, D., and Marcovitch, S. (2003). The development of
executive function in early childhood. Monogr. Soc. Res. Child. 68, 1–137. doi:
10.1111/j.0037-976X.2003.00261.x
Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.
Received: 28 January 2014; accepted: 26 April 2014; published online: 16 May 2014.
Citation: Visu-Petra L, Stanciu O, Benga O, MicleaM and Cheie L (2014)
Longitudinal and concurrent links between memory span, anxiety symptoms, and sub-
sequent executive functioning in young children. Front. Psychol. 5:443. doi: 10.3389/
fpsyg.2014.00443
This article was submitted to Developmental Psychology, a section of the journal
Frontiers in Psychology.
Copyright © 2014 Visu-Petra, Stanciu, Benga, Miclea and Cheie. This is an open-
access article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) or licensor are credited and that the original publication in this
journal is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.
www.frontiersin.org May 2014 | Volume 5 | Article 443 | 21
